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Abstract 1 
In this thesis, data concerning muscular fatigue state and intentional movement velocity during 2 
resistance training on muscular strength development is independently reviewed systematically 3 
and statistically. The original investigations assessed how alterations in set-structure, with 4 
training volume-load controlled, affects the development of movement velocity, power output 5 
and muscular strength in chapter 5; muscular hypertrophy, local muscular endurance the time 6 
course of muscular strength development in chapter 6; and how these outcomes are impacted 7 
when cluster-set structures are utilised to increase training volume in chapter 7. Changes in 8 
training session performance and perceived exertion were also assessed to ascertain if there was 9 
a mismatch between the acute response and chronic adaptation. Findings from this thesis 10 
indicate that training to concentric muscular failure does not lead to superior muscular strength 11 
development. Movement velocity utilised during training also does not appear to influence 12 
muscular strength development. For the original investigations, the implementation of cluster-13 
set structures did not lead to significantly greater power outputs and velocities compared to 14 
traditional-set structures. This was despite significantly different acute training session 15 
responses and similar increases in muscular strength. Secondly, muscular hypertrophy appears 16 
to be developed to a greater extent across the entire muscle compared to cluster-set structures 17 
with no significant between-group differences in muscular endurance. Lastly, increasing 18 
training volume through the use of the cluster-set structure did not lead to superior adaptations 19 
in muscular strength and power output. Overall, the conclusions of this thesis indicate that 20 
when sets are fatiguing, there is no additional stimulus in improving muscular performance. 21 
However, there may be an argument that performing repetitions close to concentric failure may 22 
influence regional muscle hypertrophy.  23 
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Chapter 1: Introduction 
2 
Introduction 1 
Resistance training is repeatedly shown to be effective in the development of muscular 2 
performance variables, such as strength, power, local muscular endurance and muscular 3 
hypertrophy (Ratamess et al., 2009). In order for these muscular performance variables to be 4 
optimally developed, the manipulation of acute programming variables such as, among others; 5 
training volume, load, rest periods and proximity to muscular failure within and between 6 
mesocycles (Haff & Triplett, 2016). These acute programming variables may be of importance 7 
as they may alter the muscular fatigue that is experienced during training sessions, which may 8 
alter the subsequent adaptations in performance and hypertrophy following training (Ratamess 9 
et al., 2009). The necessity of muscular fatigue during training for the development of muscular 10 
performance has been questioned since 1994 (Rooney, Herbert, & Balnave, 1994) where it was 11 
shown that muscular fatigue was a required to optimise the development of muscular strength 12 
in the biceps brachii. 13 
When performing a set of repeated contractions during resistance training, there is an 14 
accumulation of muscular fatigue in the periphery (i.e. peripheral muscular fatigue) (Allen, 15 
Lamb, & Westerblad, 2008) which will ultimately lead to momentary muscular failure (i.e. the 16 
set endpoint where an individual attempts another repetition but cannot complete the concentric 17 
phase of the lift (Steele, Fisher, Giessing, & Gentil, 2017). The causes of peripheral muscular 18 
fatigue are currently acknowledged to be due to the reduced availability of phosphocreatine 19 
(PCr) and rate of ATP turnover within active muscles (Bogdanis, Nevill, Boobis, Lakomy, & 20 
Nevill, 1995; Bogdanis, Nevill, Boobis, & Lakomy, 1996; Bogdanis, Nevill, Lakomy, & 21 
Boobis, 1998) in which ATP cannot be resynthesized by oxidative phosphorylation alone 22 
(Wackerhage, Schoenfeld, Hamilton, Lehti, & Hulmi, 2019). This stresses anaerobic energy 23 
systems for ATP resynthesis which subsequently raises the concentration of metabolic by-24 
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3 
products such as inorganic phosphate and lactate which, therefore, lowers the pH of the 1 
myocyte (Wackerhage et al., 2019). Such fatigue may be warranted in the development of 2 
muscular strength and hypertrophy due to the increase in time-under-tension (Burd et al., 2012; 3 
Mohamad, Cronin, & Nosaka, 2012; Tran & Docherty, 2006) and muscle activity (Joy, Oliver, 4 
McCleary, Lowery, & Wilson, 2013; Van Den Tillaar & Saeterbakken, 2014; Walker, Davis, 5 
Avela, & Häkkinen, 2012) as fatigue manifests. Moreover, the peripheral muscular fatigue that 6 
is experienced may also lead to the facilitation of central fatigue which may also be conducive 7 
to long-term development of muscular strength (Ahtiainen, Pakarinen, Kraemer, & Häkkinen, 8 
2003). 9 
As fatigue accumulates during the performance of repetitions towards momentary muscular 10 
failure, a concomitant decrease in movement velocity occurs (Allen et al., 2008). Multiple 11 
studies have demonstrated that the loss in movement velocity is the primary contributor to 12 
fatigue-induced reductions in power output as force output is shown to remain relatively 13 
constant during a set (Oliver et al., 2016; Tufano et al., 2016). The loss, or maintenance 14 
(Tufano et al., 2016), of movement velocity throughout a set has also been shown to be 15 
indicative of neuromuscular fatigue during a set (Sanchez-Medina & Gonzalez-Badillo, 2011). 16 
Although the monitoring of velocity is used successfully for fatigue measurement, intentional 17 
movement velocity may be of more importance when seeking to improve measures of muscular 18 
strength and power (Behm & Sale, 1993a; Gonzalez-Badillo, Rodriguez-Rosell, Sanchez-19 
Medina, Gorostiaga, & Pareja-Blanco, 2014; Pareja-Blanco, Rodriguez-Rosell, Sanchez-20 
Medina, Gorostiaga, & Gonzalez-Badillo, 2014). Together, these studies highlight that the 21 
intention to move a load with maximal concentric velocity may provide a superior stimulus to 22 
improve measures of muscular performance, even if the resultant movement is isometric (Behm 23 
& Sale, 1993a). 24 
Chapter 1: Introduction 
4 
A method of training by which fatigue, and actual movement velocities are manipulated across 1 
a set or series of sets is by manipulating the structure of a set which are collectively known as 2 
cluster-set structures (CLUS) (Haff et al., 2003). Cluster-set structures involve rest periods 3 
which are pre-planned within a traditional set (known collectively as intra-set rest periods) in 4 
addition to inter-set rest periods which occur in traditional-set structures (TRAD) (Tufano, 5 
Brown, & Haff, 2017). With the inclusion of intra-set rest periods, there is an enhanced 6 
recovery of PCr stores which facilitates ATP resynthesis to occur (Gorostiaga et al., 2012; 7 
Gorostiaga et al., 2014; Gorostiaga et al., 2010) in conjunction with an enhanced rate of 8 
metabolite clearance with CLUS compared to TRAD (Denton & Cronin, 2006; Girman, Jones, 9 
Matthews, & Wood, 2014; Oliver et al., 2015). The enhanced maintenance of PCr 10 
concentration will ultimately, via increased substrate availability (Gorostiaga et al., 2012; 11 
Gorostiaga et al., 2014; Gorostiaga et al., 2010), lead to an improved ability to maintain 12 
mechanical performance, particularly velocity and power output (Haff et al., 2003; Tufano et 13 
al., 2016), as force is shown not to differ between set-structures (Hansen, Cronin, & Newton, 14 
2011; Moir, Graham, Davis, Guers, & Witmer, 2013). The reductions in mechanical 15 
performance during training sessions, typically seen in TRAD, have been said to be detrimental 16 
to the development of power output (Haff et al., 2003). However, TRAD may facilitate the 17 
development of muscular hypertrophy (Burd et al., 2012), strength (Haff, Burgess, & Stone, 18 
2008; Haff, Hobbs, et al., 2008; Joy et al., 2013) and endurance (Izquierdo et al., 2006) due to 19 
the greater accumulated fatigue (Rooney et al., 1994; Wackerhage et al., 2019) and increased 20 
myoelectric activity (Joy et al., 2013). Although there are distinct differences in the acute 21 
response between set-structures, there is conflicting evidence over the long-term benefits of 22 
altering set-structure as part of a mesocycle on various measures of muscular performance and 23 
hypertrophy (Tufano et al., 2017). The use of high loads during training of different set-24 
structures are scarcely researched and may shed light on the usefulness of altering set-structure 25 
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with loads used in developing muscular strength. Furthermore, the chronic effects of the 1 
alteration of training volume, facilitated by changes in set-structure, are yet to be demonstrated. 2 
 3 
Thesis Aims 4 
The primary aim of this thesis was to investigate the role of fatigue and movement velocity 5 
during resistance training sessions and its effect on muscular performance (i.e. muscular 6 
strength, power output, barbell velocity, relative muscular endurance) and muscular 7 
hypertrophy. This thesis contains two systematic reviews and meta-analyses that describe 8 
effects of muscular failure (i.e. fatigue) and intentional movement velocity on the development 9 
of muscular strength. Following the systematic reviews and meta-analyses, there will be series 10 
of studies that investigate the modification of set-structure, which subsequently alters 11 
experienced fatigue and movement velocity during training sessions, and its effect on muscular 12 
performance, hypertrophy and training session performance. Specifically, changes in muscular 13 
strength, force output, barbell velocity, power output, relative muscular endurance and 14 
muscular hypertrophy in addition to the measurement of training session performance and 15 
exertion, to ascertain acute differences between set-structures were used to address the 16 
following aims: 17 
1. Chapter 3 will systematically review and statistically analyse the studies investigating the 18 
effects of resistance training to muscular failure compared to deliberate non-failure 19 
resistance training on muscular strength development. A secondary aim was to 20 
investigate if variables such as age, training status and training volume would affect the 21 
results found; 22 
2. Chapter 4 will systematically review and statistically analyse the studies investigating the 23 
effects of intentional movement velocity with training volume controlled on the 24 
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development of muscular strength. A secondary aim was to investigate whether age, 1 
training status and load affected the results obtained; 2 
3. Chapter 5 will investigate the role of experienced fatigue and movement velocity during 3 
resistance training via the alteration of set-structure on the development of muscular 4 
strength, power output, barbell velocity and acute training session performance; 5 
4. Chapter 6 will investigate the role of experienced fatigue and movement velocity during 6 
in resistance training via the alteration of set-structure on the development of muscular 7 
hypertrophy and relative muscular endurance; 8 
5. Chapter 7 will investigate the accumulation of greater training volumes in cluster-set 9 
structures compared to traditional-set structures on the development of muscular 10 
performance variables along with changes in training session performance and perceived 11 
exertion. 12 
 13 
Specific Hypotheses 14 
1. Performing repetitions to failure will not impact on the development of muscular 15 
strength. This finding would be independent of age, training status but would be affected 16 
by training volume where higher training volumes would lead to a greater response in 17 
muscular strength. 18 
2. Intentional concentric velocity would not affect subsequent development in muscular 19 
strength when training volume is matched between groups. Training status and age would 20 
not affect the results. 21 
3. Cluster- and traditional-set structures will show similar increases in muscular strength, 22 
whereas it was expected that power output and movement velocity would be better 23 
developed following training within the cluster-set structure. The cluster-set structure will 24 
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be better able to maintain barbell velocity during training sessions compared to the 1 
traditional-set structure. 2 
4. Lean mass, site-specific muscular hypertrophy and relative muscular endurance 3 
adaptations will be similar following training with cluster- and traditional-set structures. 4 
5. A greater training volume-load completed with the cluster-set structure will facilitate 5 
greater gains in muscular strength and power output compared to a lower-volume 6 
traditional-set group. During training, RPE during training will be significantly lower 7 
across the intervention in the cluster-set group compared to the traditional-set group. In 8 
addition, the cluster-set group would significantly maintain muscular performance 9 
variables (i.e. velocity, force and power) across the intervention period. 10 
 11 
Significance of this Research 12 
There currently is a scarce amount of data investigating the role of fatigue and velocity during 13 
resistance training with high loads on muscular performance and hypertrophy. Therefore, this 14 
thesis will enhance the understanding of how fatigue and velocity during resistance training 15 
affects subsequent training adaptations which can be used by practitioners and coaches for a 16 
variety of population types and training statuses. The results of this thesis may also highlight 17 
the freedom in which practitioners and coaches have in developing training programs to target 18 
muscular performance variables. In addition, the measurement of acute performance and 19 
perceived exertion in conjunction with the chronic adaptations to training may provide insight 20 
on the differences or similarities in training stimuli between set-structures and the disparity 21 
between acute responses and chronic adaptations.  22 
 23 
 24 
 25 
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Fatigue during resistance training 1 
Muscular fatigue is the reduction of neuromuscular performance due to repeated muscle 2 
contraction (Allen et al., 2008). Broadly, muscular fatigue will occur due to failure at any stage 3 
during the excitation-contraction coupling process which can be divided into central (i.e. 4 
originating from the brain to the neuromuscular junction of active muscle fibres) and peripheral 5 
(i.e. originating within the muscle fibre). In order to improve the performance of an individual, 6 
an acute fatiguing stimulus must occur in a fashion that is progressively overloaded over time 7 
(Bompa & Haff, 2009). For an adaptation to occur, a period of recovery must be implemented 8 
to restore and exceed the previous performance level, known as supercompensation (Stone, 9 
O’Biyant, Garhammer, McMillan, & Rozenek, 1982). If insufficient recovery is given between 10 
stimuli, this leads to residual fatigue which may inhibit the effectiveness of the 11 
supercompensation phase and possibly lead to exhaustion, known as over-reaching and further, 12 
over-training syndrome (Fry, 1998). The interaction between neuromuscular and peripheral 13 
causes of muscular fatigue are, therefore, responsible for the stimuli that is placed onto the 14 
individual which ultimately affects the recovery and adaptive process. 15 
Neuromuscular fatigue (or central fatigue) is the branch of fatigue concerned with the failure of 16 
the motor unit, specifically recruitment and firing rate (Sale, 1988). During a single-set of 17 
resistance exercise, there is an increase in motor unit recruitment and firing rate as the set 18 
approaches momentary muscular failure in order to meet force requirements (Eason, 1960; 19 
Edwards & Lippold, 1956). Each motor unit is recruited according to Henneman’s size 20 
principle (Henneman, 1957) in which the fraction of the motor unit pool recruited is 21 
proportional to the intended force output. However, this process will only occur if initial 22 
contractions are submaximal in nature due to the reduced effort that is needed to sustain a 23 
submaximal force output (Sale, 1988). During a submaximal contraction, there will be a small 24 
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fraction of the motor unit pool that is not recruited with each motor unit firing at a rate that 1 
does not yield in peak tension, depending on the force output, with higher forces showing 2 
progressively higher firing rates during fatigue (Maton, 1981). When maximal voluntary 3 
contractions (MVC) are produced, full motor unit recruitment initially occurs which can be as 4 
low as 50% of MVC force in the adductor pollicis and 88% of MVC force in the biceps brachii 5 
(Kukulka & Clamann, 1981) due to the reduced recruitment thresholds of ballistic contractions 6 
(Desmedt & Godaux, 1977; Freund, 1983). What follows is a gradual reduction in force output 7 
throughout the set caused by the decruitment of high threshold motor units with the lower 8 
threshold motor units able to remain recruited and firing continuously (Grimby, Hannerz, & 9 
Hedman, 1981; Hannerz, 1974). Firing rates follow the same trend with decreases throughout 10 
sustained contractions (Grimby et al., 1981), particularly in high threshold motor units after a 11 
spike at the beginning of the contraction (Bigland‐Ritchie, Johansson, Lippold, Smith, & 12 
Woods, 1983). In the context of dynamic resistance training, muscular fatigue causes an 13 
increase in motor unit recruitment throughout a set as effort required to produce force increases 14 
toward momentary muscular failure, regardless of external load (Behm, Reardon, Fitzgerald, & 15 
Drinkwater, 2002). Therefore, muscular fatigue results in changes in the magnitude of recruited 16 
motor units and their firing rates depending on the effort applied in the contraction independent 17 
of the external load lifted.  18 
The decline in performance (particularly force output) also has peripheral causes which occur 19 
inside the active muscle cell. The decline in force output of the muscle contractile mechanism 20 
is caused by the reduced rate of ATP resynthesis to meet the demands of the exercise 21 
(Gorostiaga et al., 2012), particularly in exercise that recruits type II muscle fibres such as 22 
resistance training performed with maximal concentric velocity (Hultman & Greenhaff, 1991). 23 
There are many potential reasons as to why the demands of ATP resynthesis are not met; 24 
however, the degradation of substrates used for anaerobic energy supply such as PCr and 25 
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glycogen (Karatzaferi, De Haan, Ferguson, Van Mechelen, & Sargeant, 2001); appears to be 1 
the most widely accepted reason (Bogdanis et al., 1995; Bogdanis et al., 1996; Bogdanis et al., 2 
1998). In addition, concomitant increases in the concentration of inorganic phosphate (Pi) and 3 
hydrogen ions (H+), a reduced ability for the sarcoplasmic reticulum (SR) to reuptake calcium 4 
(Ca2+) during crossbridge cycles (Nakamaru & Schwartz, 1972), an increased outflow of 5 
potassium ions (K+) (Juel, 1988) and neuromuscular transmission failures (Edwards, 1981) 6 
which all interact in the reduction of force output during exercise. This has been shown in leg 7 
press exercise to momentary muscular failure in which the reduction in power output was 8 
associated with the loss of ATP availability and the increase in concentration of metabolic by-9 
products mentioned above (Gorostiaga et al., 2012). Although, the author acknowledges that 10 
there is evidence that contradicts the above research (Noakes, St. Clair Gibson, & Lambert, 11 
2005), any definitive cause of muscular fatigue at the periphery remains inconclusive. 12 
 13 
Fatigue effects on movement velocity 14 
As muscular fatigue accumulates, there is a reduction in force output of muscle cells described 15 
above; however, the presence of muscular fatigue also leads to the reduction in the shortening 16 
velocity of myofibrils (Jones, De Ruiter, & de Haan, 2006; Westerblad & Lännergren, 1994). 17 
Specifically, changes in the shortening velocity of myofibrils will affect the maximal 18 
shortening velocity (i.e. velocity of shortening in the absence of resistance) along with the 19 
curvature of the force-velocity relationship (Allen et al., 2008). The proposed mechanisms 20 
behind the decreases in shortening velocity are likely driven by ATP turnover which leads to 21 
the accumulation of H+ causing metabolic acidosis at low (Debold, Beck, & Warshaw, 2008) 22 
and near physiologic temperatures in isolated muscle fibre preparations (Debold, Turner, Stout, 23 
& Walcott, 2011). This finding, therefore, indicates that acidosis directly affects the ability of 24 
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myosin to move the actin filament. The observation of a reduced shortening velocity in single 1 
muscle fibres also remains true in movements that involve multiple muscle groups, such as the 2 
bench press and back squat. Sanchez-Medina and Gonzalez-Badillo (2011) proposed that with 3 
force output and shortening velocity being affected by muscular fatigue, the monitoring of 4 
velocity during a compound movement can be used to quantify fatigue effects. This was 5 
demonstrated by strong inverse correlations between the concentration of metabolic markers of 6 
fatigue (i.e. lactate and ammonia) and mechanical markers of fatigue (i.e. velocity). This 7 
indicates that fatigue can manifest itself in the reduction of movement velocity in compound 8 
movements which can be monitored during training sessions. In essence, the use of movement 9 
velocity during training can be seen as an additional method of fatigue quantification 10 
(Maffiuletti & Bendahan, 2009) in which velocity will continue to decline until the minimum 11 
velocity threshold is reached, and momentary muscular failure occurs (Flanagan & Jovanovic, 12 
2014; Gonzalez-Badillo & Sanchez-Medina, 2010). Although the measurement of velocity 13 
during a set is vital to quantify fatigue effects, the intention to move with maximal velocity 14 
regardless of fatigue state and load used may be of greater importance when quantifying 15 
performance effects (Behm & Sale, 1993a). 16 
 17 
The load-velocity relationship  18 
The load-velocity relationship suggests that there is an inverse relationship between the relative 19 
load of an individual exercise (i.e. % 1RM) and the velocity at which that relative load can be 20 
moved (Gonzalez-Badillo & Sanchez-Medina, 2010). This relationship is an in-vivo extension 21 
of the force-velocity relationship of skeletal muscle in which slower contraction velocities yield 22 
higher force outputs and vice versa (Hill, 1938). In the literature, the load-velocity relationship 23 
has been shown to be a reliable indicator to estimate maximal strength (Jidovtseff, Harris, 24 
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Crielaard, & Cronin, 2009), relative load (Gonzalez-Badillo & Sanchez-Medina, 2010) and 1 
fatigue effects during training sessions (Sanchez-Medina & Gonzalez-Badillo, 2011). This 2 
relationship also allows the measurement of power output across a wide spectrum of force 3 
outputs and velocities and training at specific points on this spectrum has been suggested to 4 
lead to specific adaptations (Kaneko, Fuchimoto, Toji, & Suei, 1983; Newton & Kraemer, 5 
1994). That is, when high loadings are used during training sessions, high force outputs are 6 
produced at slow velocities which, theoretically, leads to an improvement in power output at 7 
slow velocities (Kaneko et al., 1983; Newton & Kraemer, 1994). However, this has caused 8 
debate in the literature which suggests that strength training with high loadings leads to the 9 
development of maximal power output across the load-velocity spectrum (Cormie, McGuigan, 10 
& Newton, 2011b). This appears to be true in relatively weak individuals (i.e. individuals with 11 
low training ages or placed in low percentiles in reference populations) (Cormie et al., 2011b). 12 
In contrast, power output does not appear to be influenced by such loading in highly trained 13 
individuals, rather, improvement in velocity of movement is of primary concern over the long-14 
term (Kraemer & Newton, 2000). Load-velocity profiling can be used to monitor specific 15 
changes in the load-velocity relationship following training and has been demonstrated to be 16 
stable when changes in strength occur (Gonzalez-Badillo & Sanchez-Medina, 2010). However, 17 
relative loading is not held constant so the basic mechanism behind the increases in power 18 
output following training (i.e. through increases in muscular strength (force output) or 19 
movement velocity) are unknown.  20 
 21 
 22 
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Velocity during training: Intentional vs. actual 1 
In the pursuit of resistance training-induced performance enhancement, especially muscular 2 
strength and power output (Coyle et al., 1981), the velocity at which repetitions are performed 3 
will affect the velocity-specific training response (Behm & Sale, 1993b). However, another 4 
school of thought suggests that the intended velocity of movement (i.e. maximal contractions) 5 
affects the neuromuscular response during resistance training, regardless of the resultant muscle 6 
action (Behm & Sale, 1993a). At the motor unit level, performing repetitions with maximal 7 
velocity appears to temporarily recruit three to four times the motor unit pool of a particular 8 
muscle compared to a slow ramped contraction (Desmedt & Godaux, 1977; Freund, 1983). The 9 
deliberate reduction in movement velocity during training (i.e. submaximal contraction) will 10 
increase the time-under-tension a muscle experiences and has been suggested to promote the 11 
development of muscular cross-sectional area and, therefore, muscular strength (Burd et al., 12 
2012; Buresh, Berg, & French, 2009). However, training studies have indicated that the 13 
performance of repetitions with maximal concentric velocity is likely to lead to greater 14 
muscular performance effects (Fielding et al., 2002; Gonzalez-Badillo et al., 2014; Pareja-15 
Blanco et al., 2014; Young & Bilby, 1993). This appears to be due to a reduced force and 16 
power output that occurs with deliberately slow movement velocities (Hatfield et al., 2006). 17 
Due to the importance of maximal velocities during training and the time-under-tension that a 18 
muscle experiences in developing muscular strength, it seems reasonable to incorporate training 19 
methods that manipulate time-under-tension within a set whilst also keeping a high intentional 20 
movement velocity. This will also manipulate the fatigue accumulated during training and may 21 
provide different stimuli when resistance training is used to improve muscular performance and 22 
hypertrophy. 23 
 24 
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Cluster-sets: A background 1 
A method of training that manipulates experienced fatigue and movement velocity is by the 2 
alteration of set-structure, collectively known as cluster-set structures (Haff et al., 2003). 3 
Cluster-set structures alter rest periods within and between individual sets which allows normal 4 
inter-set rest periods inclusive of pre-planned intra-set rest periods (Tufano et al., 2017). There 5 
are three main types of rest periods that can be manipulated; inter-set rest periods, intra-set rest 6 
periods and inter-repetition rest periods. Inter-set rest periods are prescribed between each set 7 
that is performed in order to promote recovery for subsequent set performance to target specific 8 
training outcomes (Willardson, 2006; Willardson & Burkett, 2005, 2008). Intra-set rest periods 9 
(ISR) encompass rest periods that are implemented within individual sets which creates smaller 10 
groups of repetitions with short rest periods between each group (Tufano et al., 2016), these 11 
groups are known as clusters. Lastly, inter-repetition rest periods (IRR) are rest periods that are 12 
placed between individual repetitions within a set implying that single repetitions are 13 
accumulated with short rest periods between repetitions (Tufano et al., 2016).  14 
As ‘cluster-set structures’ is an umbrella term, there are multiple models of cluster-set structure 15 
which have been noted in the literature (Tufano et al., 2017). First, a basic cluster-set model 16 
incorporates intra-set or inter-repetition rest periods with an inter-set rest period that is usually 17 
identical in time to a traditional-set structure which means the cluster-set structure accrues 18 
more rest compared to the traditional-set structure (Haff et al., 2003; Rooney et al., 1994). 19 
Second, an inter-set rest redistribution model involves the division of longer ISR intervals into 20 
smaller and more frequent ISR intervals which allows total volume and rest accumulated to be 21 
matched between set-structures. This is achieved by increasing the number of sets and 22 
decreasing the number of repetitions per set relative to the prescription of the traditional-set 23 
structure. For example, four sets of 10 repetitions with two minutes of ISR was compared with 24 
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eight sets of five with one minute of ISR in Oliver et al. (2013). Third, similar to an inter-set 1 
rest redistribution model, an equal work-to-rest ratio model equates work and rest during a 2 
training session between traditional- and cluster-set structures; however, the work and rest of 3 
the cluster-set structure is predicated upon the performance of the traditional-set structure. For 4 
example, Iglesias-Soler et al. (2014a) performed three sets to failure with three minutes of ISR 5 
in the traditional-set protocol. Suppose that five, four and three repetitions in each set were 6 
completed, this would total twelve repetitions with three minutes of ISR for a total of 360 7 
seconds of accumulated rest. The cluster-set protocol would then perform repetitions to failure 8 
with ~ 33 seconds of IRR to equate work and rest (i.e. 360 seconds of rest divided by 11 rest 9 
periods). These ratios are dependent on the participant’s performance within the traditional-set 10 
protocol and, therefore, high degrees of between-subject variability is present. Lastly, the rest-11 
pause method encompasses many types of set-structures which involve the accumulation of 12 
training volume with the implementation of ISR or IRR (Tufano et al., 2017). Studies have 13 
applied the rest-pause method by performing a set with 1-4 seconds of unloaded rest between 14 
repetitions until fatigue (Keogh, Wilson, & Weatherby, 1999) or the performance of a single to 15 
set to failure with a short rest period implemented until a desired number of repetitions are 16 
reached (Marshall, Robbins, Wrightson, & Siegler, 2012). 17 
 18 
Cluster-sets: Acute responses during training 19 
The incorporation of cluster-set structures within training sessions will alter the acute responses 20 
that occur during a set (Haff et al., 2003). Specifically, a large benefit of cluster-set structures is 21 
the maintenance of mechanical performance, particularly velocity and power output (Haff et 22 
al., 2003; Tufano et al., 2016) which may lead to a greater stimulus for the chronic 23 
development of power output. A multitude of studies have indicated that the addition of rest 24 
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periods within a set, whether it be an ISR and IRR, will maintain velocity and power output to a 1 
greater extent compared to a traditional-set structure (Denton & Cronin, 2006; Girman et al., 2 
2014; Hansen et al., 2011; Lawton, Cronin, & Lindsell, 2006). Acute research has also 3 
indicated that the degradation in power output that occurs during a traditional-set structure 4 
occurs through the decrease in velocity only (Oliver et al., 2016) as force remains constant 5 
throughout the performance of repetitions regardless of set-structure (Denton & Cronin, 2006; 6 
Hansen et al., 2011; Moir et al., 2013; Tufano et al., 2016). The greater maintenance of velocity 7 
and power output is likely due to the greater restoration of PCr and increased rate of metabolite 8 
clearance (Denton & Cronin, 2006; Girman et al., 2014; Oliver et al., 2015) which may allow 9 
for a greater substrate availability for ATP resynthesis. Considering that velocity loss has been 10 
shown to be inversely proportional to markers of peripheral fatigue (i.e. lactate and ammonia) 11 
(Sanchez-Medina & Gonzalez-Badillo, 2011), cluster-set structures may reduce the 12 
experienced fatigue during training, which may be a superior stimulus in the long-term 13 
development of muscular power (Haff et al., 2003). It seems clear that cluster-set structures 14 
diminish the fatigue-induced reductions in power output across individual sets, compared to 15 
traditional-set structures, across a variety of loads and rest period distributions. 16 
The accumulation of peripheral muscular fatigue appears to be of importance in the 17 
development of muscular strength (Haff, Burgess, et al., 2008; Haff, Hobbs, et al., 2008; Joy et 18 
al., 2013; Rooney et al., 1994). However, research over the previous decade has indicated that 19 
peripheral muscular fatigue may not be present in order for muscular strength development to 20 
occur (Folland, Irish, Roberts, Tarr, & Jones, 2002; Izquierdo-Gabarren et al., 2010; Izquierdo 21 
et al., 2006; Sanborn et al., 2000). Collectively, these studies demonstrate that sets of resistance 22 
training that accumulate greater fatigue and discomfort did not appear to be critical stimuli in 23 
muscular strength development. Although cluster-set structures are implemented primarily to 24 
maintain mechanical performance (i.e. power and velocity); the alteration of set-structure 25 
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interacts with acute measures of muscular strength development, particularly training volume 1 
and myoelectric activity. The performance of a greater number of repetitions has been reported 2 
within a cluster-set structure compared to a traditional-set structure which implies that greater 3 
training volumes can be accrued when a greater number of rest periods are given (Denton & 4 
Cronin, 2006; Iglesias-Soler, Carballeira, Sánchez-Otero, Mayo, & Fernández-Del-Olmo, 5 
2014). As a result of performing repetitions in a more recovered state during a cluster-set 6 
structure compared to a traditional-set structure, a greater training load also can be utilized 7 
(Nicholson, Ispoglou, & Bissas, 2016). This may be conducive to increasing muscular strength 8 
given the relationship between training volume, high loads and muscular strength development 9 
(Lasevicius et al., 2018; Ralston, Kilgore, Wyatt, & Baker, 2017). In regard to muscle activity, 10 
traditional-set structures have shown to produce, on average, greater electromyographical 11 
signals compared to cluster-set structures (Joy et al., 2013) which may be due to the metabolic 12 
fatigue experienced when approaching momentary muscular failure (Oliver et al., 2015). 13 
Therefore, it seems cluster-set structures are able to accrue greater training volumes through the 14 
addition of repetitions and/or training load; however, the added rest periods may lead to 15 
reduced muscle activation compared to a traditional-set structure. The added training volume 16 
from cluster-set structures may facilitate a greater development of muscle mass given the clear 17 
dose-response relationship between muscular hypertrophy and training volume (Schoenfeld, 18 
Ogborn, & Krieger, 2017). However, the increased metabolic fatigue and muscle activations 19 
seen in traditional-set structures may also facilitate the development of muscle mass. 20 
 21 
Cluster-sets: Chronic responses to training 22 
Considering the clear differences in acute measures of power output, velocity, fatigue and 23 
muscular strength (e.g. muscle activation and training volume) between set-structures, the 24 
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chronic responses to training interventions appear to be conflicting for a variety of muscular 1 
performance outcomes (Tufano et al., 2017). To the author’s knowledge, nine studies have 2 
investigated changes in power output following cluster- and traditional-set structures with 3 
generally inconclusive results (Asadi & Ramírez-Campillo, 2016; Hansen et al., 2011; Iglesias-4 
Soler et al., 2016; Izquierdo et al., 2006; Lawton, Cronin, Drinkwater, Lindsell, & Pyne, 2004; 5 
Morales-Artacho, Padial, Garcia-Ramos, Perez-Castilla, & Feriche, 2018; Nicholson et al., 6 
2016; Oliver et al., 2013; Zarezadeh-Mehrizi, Aminai, & Amiri-Khorasani, 2013). From this 7 
evidence-base, three studies have shown that cluster-set structures were superior in developing 8 
power output (Morales-Artacho et al., 2018; Oliver et al., 2013; Zarezadeh-Mehrizi et al., 9 
2013) while six studies have shown that the development of power output was similar 10 
following the alteration of set-structure (Asadi & Ramírez-Campillo, 2016; Hansen et al., 2011; 11 
Izquierdo et al., 2006; Lawton et al., 2004; Nicholson et al., 2016). The inconclusive findings 12 
are likely due to methodological differences as well as the selection of load, rest periods and 13 
training volumes. Of the methodological differences presented, the load used during training is 14 
of great interest. Of the nine studies above, only two used a high load (> 80% 1RM) 15 
consistently throughout the intervention period (Lawton et al., 2004; Nicholson et al., 2016), 16 
both of which showed no difference in power output between-groups. Given the importance of 17 
high loads in developing muscular strength (Lasevicius et al., 2018; Schoenfeld, Peterson, 18 
Ogborn, Contreras, & Sonmez, 2015) and, therefore, power output (Cormie et al., 2011b; 19 
Suchomel, Nimphius, & Stone, 2016), the utilization of high loads with different set-structures 20 
during training warrant further investigation.  21 
The development of muscular strength is highly important for a wide-variety of populations 22 
including athletes (Suchomel et al., 2016), the elderly (Mayer et al., 2011) and sedentary 23 
individuals (Ratamess et al., 2009) to improve performance and functional outcomes. Similar to 24 
the studies investigating power output, to the author’s knowledge, nine studies have assessed 25 
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changes in muscular strength following cluster- and traditional-set structures (Hansen et al., 1 
2011; Iglesias-Soler et al., 2016; Izquierdo et al., 2006; Lawton et al., 2004; Morales-Artacho et 2 
al., 2018; Nicholson et al., 2016; Oliver et al., 2013; Rooney et al., 1994; Zarezadeh-Mehrizi et 3 
al., 2013). Of these studies, four have shown superior development of muscular strength 4 
following a traditional-set structure compared to a cluster-set structure (Hansen et al., 2011; 5 
Lawton et al., 2004; Rooney et al., 1994; Zarezadeh-Mehrizi et al., 2013). One study has shown 6 
superiority for training following a cluster-set structure compared to a traditional-set structure 7 
(Oliver et al., 2013). However, four studies have shown that both set-structures are similarly 8 
effective in developing muscular strength (Iglesias-Soler et al., 2016; Izquierdo et al., 2006; 9 
Morales-Artacho et al., 2018) even when higher loads are tolerated by cluster-set structures 10 
(Nicholson et al., 2016). The differences that are present between studies are multifactorial 11 
including method of muscular strength assessment and the load used during training as 12 
mentioned above. In regard to the method of muscular strength assessment, two of the studies 13 
that showed superiority of traditional-set structures compared to cluster-set structures used a 14 
multiple RM assessment (Lawton et al., 2004; Zarezadeh-Mehrizi et al., 2013) which may have 15 
been biased towards fatiguing resistance training (Izquierdo et al., 2006). Of the evidence-base 16 
assessing muscular strength, only three studies (Lawton et al., 2004; Nicholson et al., 2016; 17 
Rooney et al., 1994) utilized high loads with each study finding that cluster- compared to 18 
traditional-set structures were similar (Nicholson et al., 2016) or inferior (Lawton et al., 2004; 19 
Rooney et al., 1994) in developing muscular strength, even though similar load prescriptions 20 
were employed. The evidence for the effects of altering set-structure following resistance 21 
training with high loads on the development of muscular strength is currently inconclusive and 22 
therefore, warrants further inquiry. 23 
To date, only one study has measured muscular endurance following resistance training 24 
protocols that differed in set-structure (Izquierdo et al., 2006). Muscular endurance is the ability 25 
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to sustain repeated contractions despite the presence of fatigue to maintain force output 1 
(Naclerio, Colado, Rhea, Bunker, & Triplett, 2009). Given accumulated fatigue is a vital 2 
outcome that is manipulated with set-structure alteration (Haff et al., 2003), the assessment of 3 
muscular endurance is an important measure to assess changes in fatigability of the system. 4 
Izqueirdo et al. (2006) measured dynamic absolute muscular endurance (i.e. repetitions to 5 
failure at a particular relative load, with the absolute load held constant post-testing) following 6 
resistance training of different set-structures. The traditional-set structure was found to improve 7 
the number of repetitions performed at 75% 1RM compared to the cluster-set structure 8 
concluding that the fatigue state of the traditional-set group likely created a novel stimulus. 9 
However, the absolute muscular endurance assessment does not take the development of 10 
muscular strength into account and therefore the different relative loads used in the muscular 11 
endurance test may have affected the findings. When muscular strength is accounted for (i.e. 12 
the same relative load is used rather than the same absolute load), known as relative muscular 13 
endurance (Anderson & Kearney, 1982), which may provide a better understanding of the role 14 
of muscular strength adaptation in the development of muscular endurance. 15 
An additional measure that has limited evidence is muscular hypertrophy with only one study 16 
presenting data on changes in muscular size (Oliver et al., 2013). Muscular hypertrophy is an 17 
important outcome in this context given the acute differences in experienced fatigue and time-18 
under-tension between set-structures (Lawton et al., 2004), both of which being important 19 
stimuli in optimizing muscular hypertrophy (Wackerhage et al., 2019). Oliver et al. (2013) 20 
assessed lean mass, body fat percentage and proportion of myosin heavy chain expression 21 
following moderate-load high volume back squat and bench press using a rest-redistribution 22 
model of cluster-sets compared to a traditional-set structure. Results showed no changes in all 23 
measures of muscular hypertrophy which was likely due similar acute hormonal responses with 24 
short and long rest periods (Ahtiainen, Pakarinen, Alen, Kraemer, & Häkkinen, 2005). 25 
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However, the measurement of lean mass using a DEXA scan, as used in Oliver et al., 1 
encompasses all soft tissue inclusive of organ tissue (Pomeroy, Macintosh, Wells, Cole, & 2 
Stock, 2018). Measuring muscle thickness and cross-sectional area of specific muscles may 3 
provide a more valid measurement of muscle size which may provide a more accurate 4 
measurement of resistance training-induced hypertrophic adaptations (Borga et al., 2018) 5 
 6 
Summary 7 
During resistance training, there is an accumulation of muscular fatigue which derive from 8 
changes within the muscle cell and at the motor unit level, among others. Although there is 9 
considerable debate behind the true causes of muscular fatigue, all muscular fatigue will cause 10 
a transient decrease in the force-generating capacity of the muscle. The accumulation of 11 
muscular fatigue during training is likely to contribute to the overall stimulus that is applied to 12 
a system, which will cause a subsequent adaptation when appropriate recovery is given. At the 13 
motor unit level during submaximal contractions, motor units are continuously added until 14 
force production is at maximal before concentric failure occurs and the entire motor unit pool is 15 
recruited. The same pattern occurs with the firing rate of individual motor units ensuring that 16 
the force demands are met during exercise. In maximal contractions, a large fraction of the 17 
motor unit pool is recruited before a progressive decruitment occurs with a reduction in firing 18 
rate which results in a gradual reduction of force output. Within the muscle cell, a multitude of 19 
responses occur including a reduction in PCr concentration with associated H+ accumulation as 20 
ATP turnover increases. Although there are a multitude of factors behind the cause of muscular 21 
fatigue, the degree of muscular fatigue experienced during resistance training on the 22 
development of muscular performance outcomes is continuing to be drawn into question and is 23 
currently conflicting. 24 
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As muscular fatigue develops, there is a concomitant decrease in movement velocity whereby 1 
the shortening velocity of myofibrils decreases due to the accumulation of H+ within muscle 2 
cells. A fatigue-induced reduction in movement velocity is also seen in common movements 3 
used in resistance training contexts such as the back squat and bench press as it has been shown 4 
to correlate with known metabolites of fatiguing exercise such as ammonia and lactate 5 
(Sanchez-Medina & Gonzalez-Badillo, 2011). However, the loss of velocity during a set has 6 
been shown to be of less importance when aiming to develop muscular performance outcomes. 7 
The intention to move at maximal velocity has been shown to lead to greater performance 8 
effects in the back squat and bench press exercises compared to a deliberately slower velocity 9 
which reduces force and power outputs during a session (Gonzalez-Badillo et al., 2014; Pareja-10 
Blanco et al., 2014). As fatigue and maximal velocity appear important in the development of 11 
muscular performance, a method of training which manipulates both of the aforementioned 12 
variables requires investigation over its efficacy. 13 
The manipulation of accumulated fatigue and movement velocity during training can be 14 
achieved through the alteration of the structure of sets performed, known collectively as 15 
cluster-set structures. The incorporation of intra-set or inter-repetition rest periods allows a 16 
greater maintenance of velocity and power production during training and may produce 17 
superior adaptations, especially when high loads are employed. The premise behind the use of 18 
cluster-sets are to develop power production due to the superior acute responses that have been 19 
demonstrated compared to a traditional-set structure. High training loads have been generally 20 
shown to lead to greater gains in muscular strength compared to lower training loads and are 21 
useful in the development of muscular power given the rudimentary association between 22 
muscular strength and power output. No studies have investigated the influence of altering set-23 
structure on muscular hypertrophy and endurance. In addition, altering set-structure gives a 24 
trainer the ability to increase the training volume accrued, due to the reduced fatigue response; 25 
Chapter 2: Background Literature 
25 
however, there have been no studies that have investigated the chronic responses to higher 1 
volume training within a set-structure in which fatigue levels are reduced. Identification of the 2 
factors influencing the development of muscular performance outcomes will enhance our 3 
understanding of the importance of fatigue, velocity and voluntary effort.         4 
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 7 
Preface 8 
The extent in which muscular fatigue during resistance training contributes to the improvement 9 
in muscular strength has been questioned for the past two decades. However, conflicting 10 
evidence over the past decade has been presented which challenges this notion. The present 11 
systematic review and meta-analysis analyses data related to resistance training where 12 
repetitions are performed to momentary muscular failure within each set compared to resistance 13 
training where repetitions performed do not result in momentary muscular failure. This 14 
systematic review also attempts to address issues that may have contributed to any differences 15 
between conditions such as training volume, training status and age. Errors in the original 16 
manuscript that was published in Sports Medicine were corrected through an erratum. As such, 17 
the content in this chapter contains the corrected version. 18 
 19 
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Abstract  1 
Background: It remains unclear whether repetitions leading to failure (failure) or not to failure 2 
(non-failure) lead to superior muscular strength gains when performing resistance exercise. 3 
Failure training may provide the stimulus needed to enhance muscular strength development. 4 
However, it is argued that non-failure training leads to similar increases in muscular strength 5 
without the need for high levels of discomfort and physical effort, which is associated with 6 
failure training.  7 
Objective: We conducted a systematic review and meta-analysis to examine the effect of 8 
failure versus non-failure training on muscular strength.  9 
Methods: Five electronic databases were searched using terms related to failure and non-failure 10 
training. Studies were deemed eligible for inclusion if they met the following criteria: (1) 11 
randomized and non-randomized studies; (2) resistance training intervention where repetitions 12 
were performed to failure; (3) a non-failure comparison group; (4) resistance training 13 
interventions with a total of ≥ 3 exercise sessions; and (5) muscular strength assessed pre- and 14 
post-training. Random effects meta-analyses were performed to pool the results of the included 15 
studies and generate a weighted mean effect size (ES).  16 
Results: Eight studies were included in the meta-analysis (combined studies). Training volume 17 
was controlled in four studies (volume controlled) while the remaining four studies did not 18 
control for training volume (volume uncontrolled). No significant strength increases were 19 
found for failure training versus non-failure training (ES = 0.05, p = 0.73). No significant effect 20 
was found when compound exercises (squat: ES = -0.03, p = 0.91; bench press: ES = -0.12, p = 21 
0.60) or isolated exercises (ES = 0.23, p = 0.34) were included. No significant effect was found 22 
when volume was controlled. Methodological quality for the included studies in the review was 23 
found to be moderate. Exercise compliance was high for the studies where this was reported (n 24 
= 5), although there was limited information provided on adverse events.  25 
Chapter 3: Training to Muscular Failure Systematic Review and Meta-Analysis 
29 
Conclusions: Overall, results suggest that similar increases in muscular strength can be 1 
achieved with failure and non-failure training. It seems unnecessary to perform failure training 2 
to maximise muscular strength, however if incorporated into a program, training to failure 3 
should be performed sparingly to limit the risk of injuries and overtraining.  4 
 5 
Introduction 6 
American College of Sports Medicine (ACSM) position statements have provided 7 
recommendations for resistance training prescription targeting muscular strength (Kraemer et 8 
al., 2002; Ratamess et al., 2009). The most recent position statement recommends that 9 
individuals with no resistance training experience (i.e. novices) perform 1-3 sets of 8–12 10 
repetitions at loads corresponding to 60–70% of one repetition maximum (1RM) with 2-3 11 
minutes recovery between sets/exercises, two to three times per week (Ratamess et al., 2009). 12 
For individuals with 6-12 months of resistance training experience (intermediate and advanced 13 
respectively), there is a greater emphasis on heavy loads (1-6 repetitions at 80–100% 1RM) and 14 
increased training frequency. However, it is expected that when following the above 15 
recommendations, performance during sets will differ between individuals relative to their 16 
1RM due to differences in previous training history and exercises performed (Richens & 17 
Cleather, 2014; Shimano et al., 2006). This may result in an individual being close to or 18 
reaching failure (i.e. inability to complete a repetition in a full range of motion due to fatigue) 19 
at the completion of a set.  20 
The theory that repetitions leading to failure (failure training) will elicit superior muscular 21 
strength gains compared to repetitions that do not lead to failure (non-failure training) is 22 
commonly associated with Arthur Jones, the founder of Nautilus exercise machines (Smith & 23 
Bruce-Low, 2004). In his writing of over 30 years, Arthur Jones has influenced a number of 24 
highly successful athletes (notably bodybuilders) to use failure training in their programs. 25 
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While it is clear that moderate to heavy loads are required to achieve increased muscular 1 
strength; it is uncertain whether resistance training should be performed to failure for muscular 2 
strength to be enhanced (Willardson, 2007; Willardson, Norton, & Wilson, 2010).  3 
The rationale for performing resistance exercises to failure is to maximise motor unit 4 
recruitment (Willardson, 2007). While this has been postulated, it has not been empirically 5 
demonstrated. Based on the size principle, during a typical moderate to heavy set of resistance 6 
exercise lower threshold motor units composed of type I slow-twitch or type IIa fast twitch 7 
muscle fibers are recruited first (Sale, 1987). As consecutive repetitions are performed, the 8 
lower threshold motor units are fatigued which results in the recruitment of higher threshold 9 
motor units composed predominantly of type IIx fast-twitch muscle fibers. Once all the 10 
available motor units have fatigued to a point where the load cannot be moved beyond a critical 11 
joint angle, also known as the “sticking point”, failure has occurred (van den Tillaar & Ettema, 12 
2010). Therefore, training to failure might enable a lifter to maximise motor unit recruitment, 13 
which may be an important stimulus for muscular strength development (Carey Smith & 14 
Rutherford, 1995; Fisher, Steele, Bruce-Low, & Smith, 2011; Vandenburgh, 1987). However, 15 
there is evidence that motor unit recruitment can be maximized despite not performing 16 
resistance exercise to failure. Sundstrup et al. (2012) (Sundstrup et al., 2012) found that full 17 
motor unit activation of muscles involved in the lateral raise was achieved 3-5 repetitions prior 18 
to failure in a group of untrained women. It has also been hypothesized that failure compared to 19 
non-failure training could lead to greater elevation of anabolic hormones (Drinkwater et al., 20 
2005), which may contribute to resistance training-induced changes in muscular strength 21 
(Ahtiainen, Pakarinen, Alen, Kraemer, & Häkkinen, 2003; Rønnestad, Nygaard, & Raastad, 22 
2011). Although, the most recent evidence shows that elevation of anabolic hormones are not 23 
required for significant increases in muscular strength (West & Phillips, 2012).  24 
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Several issues have been raised concerning the implementation of failure training into 1 
resistance training programs. It has been suggested that the extra fatigue experienced from 2 
performing sets to failure may increase the risk of overtraining and overuse injuries 3 
(Willardson, 2007; Willardson et al., 2010). As a result, performing failure training is often 4 
advised for more experienced/advanced resistance trainers, due to the expectation that greater 5 
training stresses would be better tolerated by these individuals during and following a session 6 
(i.e. enhanced recovery) (Peterson, Rhea, & Alvar, 2005; Willardson, 2007). Another potential 7 
concern of failure training is the negative effect it can have on the ability to stay within a 8 
selected repetition range whilst using a specific load (i.e. intensity). Performing consecutive 9 
sets to failure with a specific load has been shown to significantly reduce the number of 10 
repetitions possible (Willardson & Burkett, 2005, 2006a, 2006b). Therefore, a reduction in load 11 
might be required to enable a lifter to stay within the selected repetition range, thus minimizing 12 
large fluctuations in training volume (sets x repetitions) which can affect muscular strength 13 
gains (Krieger, 2009; Marshall, McEwen, & Robbins, 2011; Naclerio et al., 2013). However, 14 
increases in electromyography (EMG) activity, presumably as a result of increased motor unit 15 
recruitment, have been shown during resistance exercise with relatively high compared with 16 
lower loads performed to failure (Akima & Saito, 2013; Cook, Murphy, & Labarbera, 2013; 17 
Schoenfeld, Contreras, Willardson, Fontana, & Tiryaki-Sonmez, 2014). Furthermore, if the 18 
load is decreased substantially below 80% 1RM (e.g. as low as 50% 1RM), this also may result 19 
in a less effective stimulus for maximizing muscular strength adaptations (Krieger, 2009; 20 
Marshall et al., 2011; Naclerio et al., 2013; Peterson, Rhea, & Alvar, 2004; Rhea, Alvar, 21 
Burkett, & Ball, 2003).  22 
Based on a subset of studies from a meta-analysis by Peterson el al. (2005) (Peterson et al., 23 
2005), non-failure compared to failure training was found to be more efficacious for increasing 24 
muscular strength. However, a major limitation of the meta-analysis by Peterson et al. was that 25 
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studies using failure training were compared to different studies that used a non-failure 1 
intervention. Therefore, none of the included studies directly compared failure versus non-2 
failure training. Recent reviews (Willardson, 2007; Willardson et al., 2010) that included 3 
literature directly comparing failure versus non-failure training reported that relatively few 4 
studies have examined failure versus non-failure resistance training while equating for all 5 
variables. In particular, it was emphasized that training studies examining this practice should 6 
equalise training volume to minimise the effect of this potential confounder on results. While 7 
these reviews are very informative and insightful, they were not led via an explicit reproducible 8 
protocol (Mulrow, 1994). As a result, it is often not possible to replicate the findings and 9 
attempts at synthesis may not always be as rigorous as intended (i.e. potential bias).  10 
Studies that have examined the effects of failure compared to non-failure resistance training on 11 
muscular strength have used sample sizes ranging from 11 to 15 participants per group 12 
(Drinkwater et al., 2005; Izquierdo et al., 2006; Rooney et al., 1994). These sample sizes may 13 
be too small to provide sufficient statistical power for studies where non-significant differences 14 
between the two training methods are found. Therefore, using a meta-analytical approach 15 
would be useful to overcome the issue of low statistical power leading to non-significant 16 
differences.  17 
The purpose of this review was to use the systematic review and meta-analytical approach to 18 
examine the effect of failure compared to non-failure resistance training on muscular strength. 19 
Where possible, subgroup analyses were conducted to determine whether interventions that 20 
controlled for volume, training status, and exercise type influenced these effects. Information 21 
gathered from this meta-analysis will be useful to strength and conditioning coaches (and 22 
athletes) when devising resistance training programs to maximise muscular strength 23 
development.  24 
 25 
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Methods  1 
Search Strategy and Study Selection 2 
A search from earliest record up to and including July 2015 was carried out using the following 3 
electronic databases: Scopus, MEDLINE, PubMed, SPORTDiscus and Web of Science. The 4 
search strategy combined the terms “weight-lifting”, “weight lifting”, “weight-training”, 5 
“weight training”, “resistance-training”, “resistance training”, “resistance exercise”, “strength-6 
training”, and “strength training” with “muscular failure”, “muscular exhaustion”, “muscular 7 
fatigue”, “repetition failure”, “failure”, “repetition exhaustion”, “muscular fatigue”, “repetition 8 
maximum”, and “RM” with “nonfailure”, “non-failure”, “cluster”, “cluster-set”, “intra-set 9 
rest”, “intraset rest”, “intra-set rest interval”, “intraset rest interval”, “interrepetition rest”, and 10 
“inter-repetition rest”. Titles and abstracts of retrieved articles were individually evaluated by 11 
two reviewers (TD, DH) to assess eligibility for review and meta-analysis. Disagreements were 12 
solved by consensus or, if necessary, by a third reviewer (RO). Reviewers were not blinded to 13 
authors, institutions or manuscript journals. Abstracts that did not provide sufficient 14 
information regarding the inclusion criteria were retrieved for full-text evaluation. 15 
Corresponding authors of potentially eligible articles were contacted if there were missing data. 16 
This systematic review and meta-analysis is reported in accordance with the recommendations 17 
and criteria outlined in the Preferred Reporting Items for Systematic Reviews and Meta-18 
Analyses (PRISMA) statement (Moher et al., 2009).  19 
 20 
Eligibility Criteria  21 
Articles were eligible for inclusion if they met the following criteria: (1) randomized and non-22 
randomized studies; (2) resistance training intervention where repetitions were performed to 23 
failure (inability to complete the concentric phase of a repetition); (3) a comparison group that 24 
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did not perform repetitions to failure; (4) resistance training interventions that had a total of 1 
three or more exercise sessions; and (5) muscular strength was assessed pre- and post-training.  2 
 3 
Data Extraction  4 
Two reviewers (TD, DH) separately and independently evaluated full-text articles and 5 
conducted data extraction using a standardized pre-defined form. Relevant data regarding; 6 
participant characteristics (age, training experience and body weight), study characteristics 7 
(training frequency, exercises prescribed, sets, repetitions, rest between sets or repetitions and 8 
intensity, intervention length and compliance) and muscular strength testing were collected. 9 
Shortly after extractions, the reviewers crosschecked the data to confirm their accuracy. Any 10 
discrepancies were discussed in order to find a consensus decision, with disagreements 11 
resolved by discussion with a third reviewer (MH). All studies except one assessed muscular 12 
strength via RM testing (Gießing et al., 2016), while three studies used both maximal voluntary 13 
contraction and RM testing (Folland et al., 2002; Rooney et al., 1994; Sampson & Groeller, 14 
2016). It was decided that only RM testing data would be extracted to allow for a more accurate 15 
representation of the effect of failure versus non-failure training, hence the study that did not 16 
include RM testing was excluded (Gießing et al., 2016). Additionally, three studies compared a 17 
group that performed failure training to various types of non-failure training (Izquierdo-18 
Gabarren et al., 2010; Kramer et al., 1997; Sampson & Groeller, 2016). In this situation, the 19 
non-failure group with a more similar exercise prescription (i.e. number of repetitions/sets, 20 
repetition speed, etc.) to the failure group was included to reduce the risk of confounding the 21 
results (e.g. repetition speeds).  22 
 23 
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Quality Analysis  1 
Methodological quality of studies meeting the inclusion criteria were assessed using the Downs 2 
and Black checklist (Downs & Black, 1998). The tool consists of 27 items rated as No = 0, 3 
Unable to determine = 0 and Yes = 1 and includes criteria such as: clear description of the 4 
aims, interventions, outcome measurements and participants, representativeness of participant 5 
groups, appropriateness of statistical analyses, and correct reporting. The checklist was slightly 6 
modified so that the final item (number 27) relating to statistical power was consistent with the 7 
scoring used for the other items (i.e. from the original score of 0 to 5 to No = 0, Unable to 8 
determine = 0 and Yes = 1). Additionally, an extra item was added to the checklist, which was 9 
exercise supervision; therefore the modified tool consisted of 28 items (Appendix A2). 10 
Summed scores ranged from 0 to 28 points with higher scores reflecting higher quality 11 
research. Scores above 20 were considered good; 11–20, moderate; and below 11 were 12 
considered poor methodological quality (Laframboise & Degraauw, 2011). Studies were 13 
independently rated by two reviewers (TD, DH) and checked for internal (intra-rater) 14 
consistency across items before scores were amalgamated into a spreadsheet for discussion. 15 
Disagreements between ratings were resolved by discussion or sought from a third reviewer 16 
(MH) if no consensus was reached by discussion.  17 
 18 
Statistical Analysis  19 
All analyses were conducted using Comprehensive Meta-analysis, version 2 (Biostat Inc, 20 
Englewood, New J), with level of significance set at p < 0.05. Effect sizes (ES) were calculated 21 
as standardized differences in the means (). According to Cohen (Cohen, 1977), an ES of 0.2 22 
is considered a small effect, 0.5 as a moderate effect, and 0.8 as a large effect. Within-group 23 
change in strength (%) was determined by calculating the difference between the pre- and post-24 
intervention. Mean relative change (%) (post- minus pre-training muscular strength, divided by 25 
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pre-training muscular strength, multiplied by 100) was calculated for failure and non-failure 1 
groups. Between-study variability was examined for heterogeneity using the I2 statistic for 2 
quantifying inconsistency (Higgins, Thompson, Deeks, & Altman, 2003). Heterogeneity 3 
thresholds were set as I2 = 25% (low), I2 = 50% (moderate) and I2 = 75% (high) (Higgins et al., 4 
2003). To be conservative, a random-effects model of meta-analysis was applied to the pooled 5 
data. A funnel plot and rank correlations between effect estimates and their standard error (SE) 6 
using Kendall’s τ statistic (Begg & Mazumdar, 1994) were used to examine publication bias. 7 
For rank correlations, publication bias was suggested when a significant result (p < 0.05) was 8 
found.  9 
The primary analysis compared the effect of failure versus non-failure resistance training 10 
programs on outcomes of muscular strength. Subgroup analyses were performed on muscular 11 
strength outcomes when training volume was controlled (volume controlled) and not controlled 12 
(volume uncontrolled) for failure and non-failure groups. Additionally, subgroup analyses were 13 
also performed on muscular strength in relation to training status and exercise type (compound 14 
versus isolated exercises; upper versus lower body exercises). There was one study that 15 
assessed muscular strength with both the bench press and squat (Izquierdo et al., 2006) and in 16 
this instance an analysis was run with each of these exercises separately. The results of these 17 
two separate analyses were presented as values for when this bench press (analysis A) and 18 
squat data (analysis B) was included respectively. For the volume controlled and uncontrolled 19 
subgroup analyses, the effect of training status (trained versus untrained) could not be analyzed, 20 
due to the low number of studies for this to be performed (n = 3). Additionally, the low number 21 
of studies also meant that the effect of exercise type could only be analyzed in the volume 22 
uncontrolled group (n = 3).   23 
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 1 
Figure 3.1. Flow diagram. 2 
RM = repetition maximum. 3 
 4 
Results 5 
Description of Studies  6 
The database searches yielded 2,948 potential articles and five additional articles were 7 
identified from reference lists (Figure 3.1). Based on the eligibility criteria, eight articles were 8 
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included in the systematic review and meta-analysis. There were a total of 199 participants 1 
(159 males and 40 females) aged 18-35 years. Participants had previous resistance training 2 
experience (trained, n = 112) or no prior resistance training experience (untrained, n = 87) 3 
(Table 3.1).  4 
  5 
Chapter 3: Training to Muscular Failure Systematic Review and Meta-Analysis 
39 
Table 3.1 Characteristics of participants         
Study Subjects Sex: M/F [%] Age [years]a Height [cm]a Weight [kg]a Training Status 
Drinkwater et al. (2005) Failure: n = 15 100/0 17–18 NR  NR T 
 Non-failure: n = 11 100/0 17–18 NR  NR T 
Folland et al. (2002) Failure: n = 12 66.7/33.3 22.0 ± 2.0 181.0 ± 9.0 70.0 ± 3.0 UT 
 Non-failure: n = 11 63.6/36.4 20.0 ± 1.0 176.0 ± 10.0 68.0 ± 7.0 UT 
Izquierdo et al. (2006) Failure: n = 14 100/0 24.8 ± 2.9 180.0 ± 1.0 81.1 ± 4.2 T 
 Non-failure: n = 13 100/0 23.9 ± 1.9 181.0 ± 1.0 80.5 ± 7.4 T 
Izquierdo-Gabbaren et al. (2010) Failure: n = 14 100/0 25.4 ± 4.2 181.0 ± 3.7 79.8 ± 5.3 T 
 Non-failure: n = 15 100/0 26.7 ± 5.7 182.0 ± 4.9 83.2 ± 6.3 T 
Kramer et al. (1997) Failure: n = 16 100/0 20.3 ± 1.9 181.5 ± 6.1 78.4 ± 8.4 T 
 Non-failure: n = 14 100/0 20.3 ± 1.9 181.5 ± 6.1 76.8 ± 10.1 T 
Rooney et al. (1994) Failure: n = 13 42.9/57.1 18–35 NR NR UT 
 Non-failure: n = 14 42.9/57.1 18–35 NR NR UT 
Sampson & Groeller (2016) Failure: n = 10 100/0 23.4 ± 6.6 180.3 ± 5.6 76.9 ± 0.2 UT 
 Non-failure: n = 10 100/0 23.7 ± 6.2 179.1 ± 7.5 85.0 ± 13.7 UT 
Sanborn et al. (2000) Failure: n = 9 0/100 18–20 NR 62.8 ± 9.2 UT 
 Non-failure: n = 8 0/100 18–20 NR 70.9 ± 12.1 UT 
F females, M males, NR not reported, T trained, UT untrained 
a The data are reported as mean ± standard deviation or as a range 
Chapter 3: Training to Muscular Failure Systematic Review and Meta-Analysis 
40 
Of the eight studies included, one exercise was used for the resistance training intervention in 1 
four studies (Drinkwater et al., 2005; Folland et al., 2002; Rooney et al., 1994; Sampson & 2 
Groeller, 2016), and two or more exercises in the other four studies (Izquierdo-Gabarren et al., 3 
2010; Izquierdo et al., 2006; Kramer et al., 1997; Sanborn et al., 2000) (Table 3.2). Exercise 4 
specifics for the failure group included 1-4 sets of 4-12 repetitions at loads of either 75-92% 5 
1RM or 6-10RM. The non-failure group performed 3-40 sets of 1-10 repetitions at loads of 6 
either 75-92% 1RM or 6-10RM. Training volume was controlled in only four of the eight 7 
studies (Drinkwater et al., 2005; Folland et al., 2002; Izquierdo et al., 2006; Rooney et al., 8 
1994). For the studies with uncontrolled training volumes, a greater training volume was found 9 
in the failure group in two studies (Izquierdo-Gabarren et al., 2010; Sampson & Groeller, 2016) 10 
and the non-failure group in the other two studies (Kramer et al., 1997; Sanborn et al., 2000). 11 
Sets were performed with explosive concentric and controlled eccentric phases for both failure 12 
and non-failure groups in two studies (Izquierdo-Gabarren et al., 2010; Izquierdo et al., 2006), 13 
in the non-failure group only in two studies (Sampson & Groeller, 2016; Sanborn et al., 2000), 14 
while repetition speed was controlled (~2 seconds per contraction phase) in two studies 15 
(Folland et al., 2002; Sampson & Groeller, 2016) (only in the failure group in one of these 16 
studies (Sampson & Groeller, 2016)). Furthermore, one study had participants perform 17 
repetitions at a preferred cadence (Rooney et al., 1994) and no information about repetition 18 
speed was reported for either group in two studies (Drinkwater et al., 2005; Kramer et al., 19 
1997), or the failure group in one study (Sanborn et al., 2000). Rest periods between sets 20 
ranged from 30 seconds to ~ 4 minutes for both the failure and non-failure groups. Training 21 
was performed 2-3 times per week with interventions lasting for a period of 6-14 weeks.  22 
Muscular strength was assessed via the 1RM in seven studies (Folland et al., 2002; Izquierdo-23 
Gabarren et al., 2010; Izquierdo et al., 2006; Kramer et al., 1997; Rooney et al., 1994; Sampson 24 
& Groeller, 2016; Sanborn et al., 2000) and the 6RM in one study (Drinkwater et al., 2005). A 25 
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combination of compound (involving more than one major muscle group) and isolated 1 
(involving only one major muscle group) exercises were used to assess muscular strength. The 2 
bench press was used for muscular strength testing in three studies (Drinkwater et al., 2005; 3 
Izquierdo-Gabarren et al., 2010; Izquierdo et al., 2006), squat in three studies (Izquierdo et al., 4 
2006; Kramer et al., 1997; Sanborn et al., 2000), bicep curl in two studies (Rooney et al., 1994; 5 
Sampson & Groeller, 2016), and leg extension in one study (Folland et al., 2002). All studies 6 
familiarized participants with the muscular strength test/s. Additionally, five studies assessed 7 
the reliability of the muscular strength test with r ≥ 0.86 (Drinkwater et al., 2005; Izquierdo-8 
Gabarren et al., 2010; Izquierdo et al., 2006; Kramer et al., 1997; Rooney et al., 1994). 9 
  10 
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Table 3.2 Training characteristics of studies 1 
Study Group Exercise Prescription 
Volume 
controlled 
between 
groups 
Frequency 
[days/ 
week] 
Duration 
[weeks] 
Strength 
test 
Drinkwater Failure BP: 4 9 6 reps @ 80–105 % of 6RM (rep speed NR), 3 min Yes 3/7 6 6RM BP 
et al. [14]  50 s rest between sets     
 Non- BP: 8 9 3 reps @ 80–105 % of 6RM (rep speed NR), 1 min     
 failure 40 s rest between sets     
Folland et al. Failure LE: 4 9 10 reps @ 75 % of 1RM (controlled concentric and Yes 3/7 9 1RM LE 
[35]  eccentric phases), 30 s rest between sets     
 Non- LE: 40 9 1 rep @ 75 % of 1RM (controlled concentric and     
 failure eccentric phases), 30 s rest between sets     
Izquierdo Failure BP: 3 9 6–10RM (explosive concentric/controlled eccentric Yes 2/7 11 1RM BP  
et al. [31]  phases), 2 min rest between sets    and SQ 
  SQ: 3 9 6–10 reps @ 80 % of 6–10RM (explosive     
  concentric/controlled eccentric phases), 2 min rest between     
  sets     
 Non- BP: 6 9 3–5 reps @ 6–10RM (explosive     
 failure concentric/controlled eccentric phases), 2 min rest between     
  sets     
  SQ: 6 9 3–5 reps @ 80 % of 6–10RM (explosive     
  concentric/controlled eccentric phases), 2 min rest between     
  sets     
Izquierdo- Failure BP, SCR, LPD, PC: 3–4 9 4–10 reps @ 75–92 % of 1RM No (F) 2/7 8 1RM BP 
Gabbaren  (explosive concentric/controlled eccentric phases), 2 min     
et al. [37]  rest between sets     
 Non- BP, SCR, LPD, PC: 3–4 9 2–5 reps @ 75–92 % of 1RM     
 failure (explosive concentric/controlled eccentric phases), 2 min     
  rest between sets     
Kramer et al. Failure SQ, PP, BP, MTP, LC, BR: 1 9 8–12RM No (NF) 3/7 14 1RM SQ 
[38] Non- SQ, PP, BP, MTP, LC, BR: 3 9 10 reps @ 90–100 % of     
     
 failure 10RM (rep speed NR), *2–3 min rest between sets     
Rooney et al. Failure BC: 1 9 6–10 reps @ 6RM (preferred cadence) Yes 3/7 6 1RM BC 
[32] Non- BC: 6–10 9 1 rep @ 6RM (preferred cadence), 30 s rest     
     
 failure between sets     
Sampson and Failure BC: 4 9 6 reps @ 85 % of 1RM (2 s elbow flexion/2 s elbow No (F) 3/7 12 1RM BC 
Groeller  extension), 3 min rest between sets     
[36] Non- BC: 4 9 4 reps @ 85 % of 1RM (maximal acceleration elbow     
     
 failure flexion/2 s elbow extension), 3 min rest between sets     
Sanborn Failure SQ, , SQ, BP, SP, MTP, SS, SLDL, UR: 1 9 8–12RM (rep No (NF) 3/7 8 1RM SQ 
et al. [44]  speed NR)     
 Non- SQ, , SQ, BP, SP, MTP, SS, SLDL, UR: 3–5 9 2–10 reps @     
 failure 80–100 % of 2–10RM (explosive concentric phase for leg     
  exercises), rest between sets NR     
SQ quarter squat, BC bicep curl, BP bench press, BR bent-over row, (F) higher volume completed by the failure group, LC leg curl, LE leg 
extension, LPD lateral pull-down, MTP mid-thigh pull, (NF) higher volume completed by the non-failure group, NR not reported, PC power 
clean, PP push press, rep(s) repetition(s), RM repetition maximum, SCR seated cable row, SLDL straight-legged deadlift, SP shoulder press, 
SQ squat, SS shoulder shrug, UR upright row 
 2 
 3 
  4 
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Table 3.3 Summary of the effects of failure versus non-failure training on muscular strength 1 
 2  3 
 Failure    Non-failure   Std diff in mean: effect size 95 % CI p value
c
 
 
            
(SE) 
   
 
 
n Pre-training Post-training Change n Pre-training Post-training Change 
   
 
     
 
  [kg]
a
  [kg]
a
 [%]
b
   [kg]
a
  [kg]
a
 [%]
b
     
 
                
 
Volume controlled                
 
Drinkwater et al. (2005)
d
 15 69.3 ± 8.7 76.64 ± 9.9 10.6 11 67.5 ± 7.24 71.0 ± 8.7 5.2 0.41 (0.40) -0.38 to 1.19 0.31 
 
Folland et al. (2002)
e
 12 85.0 ± 5.8 114.0 ± 6.8 34.1 11 80.0 ± 8.7 112.0 ± 6.8 40.0 0.44 (0.42) -0.39 to 1.23 0.30 
 
Izquierdo et al. (2006)
d,f
 14 79.0 ± 19.1 93.4 ± 21.9 18.2 15 79.4 ± 8.8 90.6 ± 10.6 14.2 0.19 (0.37) -0.54 to 0.92 0.61 
 
Izquierdo et al. (2006)
d,g
 14 167.0 ± 20.5 198.86 ± 21.0 19.0 15 168.8 ± 11.9 202.8 ± 10.8 20.2 0.13 (0.37) -0.60 to 0.86 0.73 
 
Rooney et al. (1994) 13 12.5 ± 8.4 19.5 ± 10.2 56.0 14 13.9 ± 8.6 19.4 ± 12.2 39.6 0.13 (0.39) -0.62 to 0.89 0.73 
 
Mean effect
f
 – –  – 29.7   –  – 24.8 0.28 (0.20) -0.10 to 0.67 0.15 
 
Mean effect
g
 – –  – 29.9   –  – 26.3 0.27 (0.20) -0.12 to 0.65 0.18 
 
Volume uncontrolled                
 
Izquierdo-Gabarren et al. (2010)
d
 14 96.9 ± 7.6 98.4 ± 4.9 1.8 15 95.8 ± 9.1 100.4 ± 7.1 4.7 0.51 (0.38) -0.24 to 1.25 0.18 
 
Kramer et al. (1997) 16 101.9 ± 20.6 114.1 ± 18.7 12.0 14 98.5 ± 27.7 123.7 ± 43.2 25.6 0.40 (0.37) -0.32 to 1.13 0.28 
 
Sampson & Groeller (2016) 10 19.9 ± 3.7 25.7 ± 3.8 29.3 10 22.3 ± 3.6 28.6 ± 4.31 28.0 0.12 (0.45) -0.75 to 1.00 0.78 
 
Sanborn et al. (2003) 9 48.1 ± 10.5 57.9 ± 8.1 20.4 8 53.3 ± 15.5 69.2 ± 11.5 29.8 0.62 (0.50) -0.36 to 1.60 0.21 
 
Mean effect – –  – 15.9  – –  – 22.0 0.41 (0.21) 0.01 to 0.82 0.047 
 
Mean effect, total
f
 – –  – 22.8  – –  – 23.4 0.34 (0.14) 0.06 to 0.62 0.02 
 
Mean effect, total
g
 – –  – 22.9  – –  – 24.2 0.33 (0.14) 0.06 to 0.61 0.02 
   4 
CI confidence interval, SE standard error, Std diff standardized difference 5 
a The data are reported as mean ± standard deviation 6 
b Post-training value minus pre-training value, divided by pre-training value, multiplied by 100 7 
c Statistical significance accepted as p < 0.05 8 
d Data extrapolated from graphs 9 
e Standard deviation extrapolated from a graph 10 
f Includes the bench press data from Izquierdo et al. (REF) 11 
g Includes the squat data from Izquierdo et al. (REF) 12  13 
 14 
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Methodological Quality  1 
The mean quality rating score was 19.5 ± 1.7 out of a possible 28 (Appendix A3). All studies 2 
scored 0 (not reported or unable to be determined) for having a representative sample, blinding 3 
of participants/investigators, recruiting participants over same period of time, and randomized 4 
intervention assignment concealment. One out of eight studies reported on adverse events 5 
(Folland et al., 2002), and actual probability values were reported by only three studies 6 
(Rooney et al., 1994; Sampson & Groeller, 2016; Sanborn et al., 2000). All studies reported 7 
study aims, outcomes, participant characteristics, and confounders. Additionally, the treatment 8 
was representative of the majority of participants, there was no data dredging, outcome 9 
measures were accurate, and recruitment of participants was from the same population, for all 10 
studies. Compliance rate was reported in five studies and was ≥ 89% (Folland et al., 2002; 11 
Izquierdo-Gabarren et al., 2010; Izquierdo et al., 2006; Kramer et al., 1997; Sampson & 12 
Groeller, 2016). Only one study (Folland et al., 2002) did not randomise participants into 13 
intervention groups. Exercise sessions were supervised in six studies (Folland et al., 2002; 14 
Izquierdo-Gabarren et al., 2010; Izquierdo et al., 2006; Kramer et al., 1997; Rooney et al., 15 
1994; Sanborn et al., 2000), while it is unknown whether sessions were supervised in one study 16 
(Sampson & Groeller, 2016), and no exercise supervision was provided in another study 17 
(Drinkwater et al., 2005).  18 
 19 
Muscular Strength  20 
Combined studies (volume controlled and uncontrolled)  21 
Non-failure training was found to increase muscular strength by 23.4% and 24.2%, while 22 
failure training increased muscular strength by 22.8% and 22.9% for analyses A and B 23 
respectively (Table 3.3). The differences in the change in muscular strength between non-24 
failure and failure had a negligible pooled ES of -0.04 (95% CI: -0.24 to 0.32) and 0.05 (95% 25 
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CI: -0.23 to 0.33) for analyses A and B respectively. No statistically significant effect was 1 
found for these analyses (p = 0.77 and p = 0.73 for analyses A and B respectively) (Figure 3.2). 2 
The subgroup analysis found a similar non-significant negligible effect when restricted to 3 
studies that used compound exercises (n = 5) (ES = -0.06, 95% CI: -0.41 to 0.29, p = 0.73, ES 4 
= -0.05, 95% CI: -0.40 to 0.30, p = 0.78 for analyses A and B respectively). Analysing the 5 
types of compound exercises used (squat versus bench press) also led to a non-significant effect 6 
(squat: ES = -0.03, 95% CI: -0.48 to 0.43, p = 0.91; bench press: ES = -0.12, 95% CI: -0.55 to 7 
0.32, p = 0.60). When including studies that only used isolated exercises (i.e. bicep curl and leg 8 
extension) a non-significant effect was also found (ES = 0.23, 95% CI: -0.24 to 0.70, p = 0.34). 9 
No significant effect was found between failure and non-failure training (23.2% versus 18.3% 10 
increase in muscular strength, respectively) when only upper body exercises were analyzed (ES 11 
= -0.03, 95% CI: -0.37 to 0.32, p = 0.88). Additionally, no significant effect was found for 12 
failure versus non-failure training when only lower body exercises were included (ES = -0.03, 13 
95% CI: -0.48 to 0.43, p = 0.91). Training status did not influence the muscular strength gains 14 
following failure versus non-failure training for analysis A (trained: ES = 0.02, 95% CI: -0.35 15 
to 0.39, p = 0.92 and untrained: ES = -0.04, 95% CI: -0.34 to 0.41, p = 0.86) and for analysis B 16 
(ES = 0.07, 95% CI: -0.36 to 0.49, p = 0.75). Heterogeneity of the effect of failure versus non-17 
failure training on muscular strength was zero (I2 = 0%). Both the funnel plot and Kendall’s τ 18 
statistic (τ = 0.11, p = 0.71 for analyses A and B) did not reveal publication bias for any study.  19 
 20 
  21 
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 1 
Figure 3.2: Forest plot of the results of the meta-analysis. The black squares and error bars 2 
signify the standardized difference (Std diff) values in the means (effect size) and 95 % 3 
confidence interval (CI) values, respectively. The black diamonds represent the pooled effect 4 
sizes. df degrees of freedom. 5 
 6 
Studies with volume controlled  7 
Failure training increased muscular strength by 29.7% and 29.9% for analyses A and B 8 
respectively, while non-failure training increased muscular strength by 24.8% and 26.3% for 9 
analyses A and B respectively (Table 3.3). The differences in the change in muscular strength 10 
between non-failure and failure had a negligible pooled ES of 0.18 (95% CI: -0.21 to 0.56) and 11 
0.19 (95% CI: -0.19 to 0.58) for analyses A and B respectively. No statistically significant 12 
effect was found (p = 0.37 and p = 0.33) for analyses A and B respectively (Figure 3.2). 13 
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Heterogeneity of the effect of failure versus non-failure training on muscular strength was zero 1 
(I2 = 0%). Both the funnel plot and Kendall’s τ statistic (τ = 0.09, p = 0.83 for analyses A and 2 
B) did not reveal publication bias for any study. 3 
 4 
Studies with volume uncontrolled  5 
Non-failure training increased muscular strength by 22.0%, while failure training increased 6 
muscular strength by 15.9% (Table 3.3). The differences in the change in muscular strength 7 
between non-failure and failure had a negligible ES of -0.12 (95% CI: -0.61 to 0.37). No 8 
statistically significant effect was found (p = 0.64) (Figure 3.2). When studies that only used 9 
compound exercises were analyzed (n = 3), no significant effect was found (ES = -0.17, 95% 10 
CI: -0.63 to 0.29, p = 0.47). Heterogeneity of the effect of failure versus non-failure training on 11 
muscular strength was low (I2 = 30.64%). Both the funnel plot and Kendall’s τ statistic (τ = 12 
0.17, p = 0.73) did not reveal publication bias for any study.  13 
 14 
Discussion  15 
To our knowledge, this is the first systematic review with meta-analysis to directly investigate 16 
the effect of failure versus non-failure resistance training on muscular strength. The data show 17 
that similar increases in muscular strength can be achieved with both practices. This result was 18 
not influenced by training volume, training status, and exercise type. Heterogeneity of effects 19 
for all meta-analyses was low suggesting that studies examined the same effect. Despite no 20 
publication bias found, methodological quality for the included studies was only moderate with 21 
little information provided on adverse events to comment on the safety of these resistance 22 
training practices. 23 
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 1 
Combined studies  2 
A wide range of morphological (Andersen & Aagaard, 2010) and neurological (Gabriel, 3 
Kamen, & Frost, 2006) factors contribute to increases in muscular strength following resistance 4 
training. An increase in cross-sectional area of skeletal muscle fibers, which is regarded as the 5 
primary adaptation to long-term resistance training, can lead to greater force production via the 6 
promotion of an increase in the number of cross-bridges arranged in parallel (preferential type 7 
II fibers) (Jones, Rutherford, & Parker, 1989; McDonagh & Davies, 1984). Some other 8 
morphological adaptations which may contribute to increases in muscular strength include 9 
hyperplasia, changes in fiber type, muscle architecture, myofilament density, and the structure 10 
of connective tissue and tendon (Folland & Williams, 2007). While training-induced muscle 11 
hypertrophy is considered a slow process, significant changes have been found over relatively 12 
short training periods of 8-12 weeks (Abe, DeHoyos, Pollock, & Garzarella, 2000; Garfinkel & 13 
Cafarelli, 1992; Housh, Housh, Johnson, & Chu, 1992; Tracy et al., 1999), similar to the length 14 
of the interventions included in this review (6-14 weeks). Unfortunately, only one of the 15 
included studies assessed cross-sectional area of the trained muscle with a ~11.3% increase 16 
found following failure and non-failure training, with no significant difference between groups 17 
(Sampson & Groeller, 2016). Three other studies assessed changes in lean body mass 18 
(determined via skinfold measures) and showed either a decrease or small increase (~2%) 19 
following training (Izquierdo-Gabarren et al., 2010; Izquierdo et al., 2006; Kramer et al., 1997). 20 
However, estimation of lean body mass, especially via skinfold measures, is not valid for 21 
assessing changes in muscle mass (Mijnarends et al., 2013).  22 
Muscular hypertrophy appears to proceed in a linear manner during the first six months of 23 
training (Narici et al., 1996) while substantial neurological adaptations are thought to be 24 
responsible for the rapid increase in strength in the first weeks of training (~ four weeks) 25 
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(Moritani & DeVries, 1979). This is supported by the disproportionately larger increase in 1 
muscle strength than cross-sectional area, during the early stages of resistance training (Abe et 2 
al., 2000; Narici, Roi, Landoni, Minetti, & Cerretelli, 1989). It is likely that muscular strength 3 
gains following the resistance training interventions of the studies included in this review were 4 
mostly attributed to neurological adaptations. These adaptations are related to coordination and 5 
learning of an exercise which leads to improved activation of the muscles involved (Rutherford, 6 
1988; Rutherford & Jones, 1986). The force that a muscle exerts will ultimately depend on the 7 
number of motor units that are active (motor unit recruitment) and the rates at which motor 8 
units are recruited (rate coding) (Duchateau, Semmler, & Enoka, 2006). It has been postulated, 9 
although not empirically demonstrated, that motor unit recruitment can be maximized with 10 
failure training, which may provide a stimulus for greater muscular strength gains (Willardson, 11 
2007). However, the findings from this review showed that non-failure training resulted in a 12 
0.6-1.3% greater muscular strength increase compared to failure training. Such a small increase 13 
in strength is unlikely to be considered meaningful. For example, it would only represent a 0.6-14 
1.3 kg increase for a 100 kg bench press. These findings should be interpreted as similar 15 
muscular strength gains can be achieved without resistance training that involves high levels of 16 
discomfort and physical effort, as experienced with failure training. Previous studies have 17 
shown that as muscle becomes progressively more fatigued during an exercise, the ability to 18 
maintain a constant force is only partly achieved by recruitment of additional motor units 19 
(Adam & De Luca, 2003, 2005; Carpentier, Duchateau, & Hainaut, 2001). Additionally, there 20 
are several studies that have reported a decline in motor unit firing rates (rating coding) as a 21 
muscle fatigues (Bigland‐Ritchie et al., 1983; Bigland‐Ritchie & Woods, 1984; Christova & 22 
Kossev, 1998). Therefore, based on the assumption that maximizing motor unit recruitment is 23 
of major importance towards muscular strength adaptations, it is possible that failure training 24 
might not be necessary for this to be achieved. This is supported by findings from Sundstrup et 25 
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al. (Sundstrup et al., 2012) where full motor unit activation of muscle was found to be achieved 1 
three to five repetitions prior to failure during a resistance exercise. For the exercise 2 
interventions included in this review, the non-failure group was no more than five repetitions 3 
from repetition failure during sets in six of the eight studies (Drinkwater et al., 2005; Izquierdo-4 
Gabarren et al., 2010; Izquierdo et al., 2006; Kramer et al., 1997; Sampson & Groeller, 2016; 5 
Sanborn et al., 2000). Consequently, performing repetitions to the point where the participant 6 
was approximately five repetitions away from failure may have resulted in a similar level of 7 
motor unit recruitment as failure training. So, it would appear that failure compared to non-8 
failure training when using a particular load setting does not lead to further gains in muscular 9 
strength.  10 
Besides the need to attain a certain level of muscular fatigue to maximise motor unit 11 
recruitment, it has been suggested that relative intensities (i.e. loads) need to be ≥70% 1RM 12 
(Peterson et al., 2004; Rhea et al., 2003). Both Mitchell et al. (Mitchell et al., 2012) and 13 
Schoenfeld et al. (Schoenfeld, Peterson, et al., 2015) found there was no difference in the 14 
muscular hypertrophy response following low compared to high training loads performed to 15 
failure. However, these equal hypertrophic effects did not translate into similar strength gains 16 
with higher compared to lower training loads (70-80% versus 30-50% 1RM respectively) 17 
proving to be more efficacious. Potentially the lack of relationship between muscular 18 
hypertrophy and strength gains following the low and high load training to failure may be due 19 
to fiber-specific hypertrophy. For example, low load training to failure may result in greater 20 
increases in type I muscle fibers size while greater increases in type II fiber size may occur 21 
from high load training to failure.  22 
The hypothesis for muscle fiber-specific hypertrophy following training with different loads 23 
was formulated by Schoenfeld et al. (Schoenfeld et al., 2014) based on findings from muscle 24 
activation during low (30% 1RM) versus high (75% 1RM) resistance exercise to failure. 25 
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Results showed that exercising with a low load (30% 1RM) did not maximally activate the full 1 
motor unit pool of the targeted muscle group (i.e. reduced activation of higher threshold motor 2 
units) compared to a higher load (75% 1RM). Other studies have also found that greater motor 3 
unit activation occurs when performing failure training with a higher load (~70% 1RM) 4 
compared to lower loads (20-50% 1RM) (Akima & Saito, 2013; Cook et al., 2013). Most of the 5 
studies included in this review used a minimum of 75% 1RM (or equivalent), with little 6 
difference between the intensities used for the failure and non-failure groups. Therefore, it 7 
seems that the intensities used were sufficient to maximise motor unit recruitment and would 8 
not have confounded the effects of failure versus non-failure training on muscular strength.  9 
The speed at which resistance exercise repetitions are performed has been shown to influence 10 
strength adaptations. Munn et al. (Munn, Herbert, Hancock, & Gandevia, 2005) found that 11% 11 
greater strength gains occurred when resistance exercises were performed at fast compared to 12 
slow speeds. Both fast and slow contractions exhibit a similar order of motor unit recruitment 13 
(size principle) (Duchateau & Enoka, 2011). However, the absolute force level at which a 14 
motor unit is recruited has been shown to vary with the speed of muscle contraction (Desmedt 15 
& Godaux, 1977). As the rate of force development increases, the motor unit recruitment 16 
threshold is shown to decrease so that motor units are activated earlier. This can result in three 17 
times as many motor units being recruited with faster compared to slower contractions to 18 
produce a given amount of peak force (Desmedt & Godaux, 1977). Rate coding has also been 19 
shown to vary with the speed of contraction with high instantaneous discharge rates that 20 
decrease thereafter for fast contractions (Desmedt & Godaux, 1977; Van Cutsem, Duchateau, 21 
& Hainaut, 1998), whereas for slower contractions discharge rates increase progressively 22 
(Milner‐Brown, Stein, & Yemm, 1973). Furthermore, training studies that have used faster 23 
contractions have shown large improvements in the rate of force development (Gruber et al., 24 
2007; Kamen & Knight, 2004; Van Cutsem et al., 1998). Only three of the studies included in 25 
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this review controlled for repetition speed (Folland et al., 2002; Izquierdo-Gabarren et al., 1 
2010; Izquierdo et al., 2006), which may have affected the results. However, Sampson et al. 2 
(Sampson & Groeller, 2016) found similar gains in muscular strength for failure training at a 3 
controlled speed compared to non-failure training where maximal acceleration during the 4 
concentric phase was performed. The non-failure group in this study did have a 30% lower 5 
training volume and may have confounded the results.  6 
 7 
Training volume  8 
While significant increases in muscular strength can be achieved with relatively low training 9 
volumes, performing high training volumes has been shown to result in larger strength gains 10 
(Krieger, 2009; Marshall et al., 2011; Naclerio et al., 2013). A criticism of some studies that 11 
have examined failure versus non-failure is that training volume was not equalized to minimise 12 
the effect of this potential confounder on results (Willardson, 2007; Willardson et al., 2010). 13 
However, for this review it was decided to not exclude studies based on whether an attempt 14 
was made to control training volume provided that the loadings used between intervention 15 
groups were similar. For half of the studies that did not control for training volume (i.e. two out 16 
of four studies) there were apparent differences in the number of sets performed between 17 
groups (Kramer et al., 1997; Sanborn et al., 2000). The non-failure groups performed ~ four 18 
sets compared to one set performed by the failure groups. This was expected to be a concern 19 
based on findings from a meta-analysis conducted by Krieger (Krieger, 2009) where 2-3 sets of 20 
resistance exercise was associated with a 46% increase in muscular strength compared to 1 set. 21 
For the other studies that did not control for training volume there were noted differences in the 22 
number of repetitions performed during sets, (i.e. 2- 5 more repetitions performed by the failure 23 
groups) (Izquierdo-Gabarren et al., 2010; Sampson & Groeller, 2016). Therefore, it could be 24 
assumed that any confounding bias due to training volume may have been negated by higher 25 
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training volumes being distributed equally between the uncontrolled volume studies (i.e. higher 1 
volume in two failure and two non-failure studies, respectively).  2 
Findings from our review suggest that differences in training volume had a confounding effect 3 
on muscular strength. For the volume uncontrolled studies there was an ~11.5% increase in 4 
strength for the non-failure groups that performed more sets (greater training volume) 5 
compared to a ~0.8% increase in strength for the non-failure groups that performed less 6 
repetitions (lower training volume) (Izquierdo-Gabarren et al., 2010; Kramer et al., 1997; 7 
Sampson & Groeller, 2016; Sanborn et al., 2000). However, it is difficult to ascertain whether 8 
other factors (e.g. type of exercise, speed of contraction, etc.) contributed to the larger strength 9 
gains for the non-failure groups with the higher training volume from a greater number of sets. 10 
Taking a conservative approach, it seems that failure training does not offer any advantage in 11 
terms of maximizing muscular strength compared to non-failure training.  12 
 13 
Exercise type  14 
Compound resistance exercises, which are considered to be superior for increasing muscular 15 
strength compared to isolated exercises (Zatsiorsky & Kraemer, 2006), showed similar gains 16 
following failure and non-failure training. This result was surprising as compound exercises 17 
place greater stress on the neuromuscular system due to the greater muscle groups stimulated 18 
and thus greater loads lifted (Ratamess et al., 2009). As a result of these more demanding 19 
exercises, there is the potential for increased muscle damage and metabolic stress, thus greater 20 
fatigue following failure training. There is evidence that increases in dynamic 1RM are 21 
disproportionately greater compared to isometric strength (Dons, Bollerup, Bonde-Petersen, & 22 
Hancke, 1979; Rutherford & Jones, 1986). This suggests that factors such as learning of a 23 
movement/exercise and co-ordination of muscle groups involved play a role in the early 24 
increases in muscular strength. It is well-known that compound exercises are more complex 25 
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than isolated exercises due to the greater muscle groups and joints involved in the movements. 1 
As such, performing compound exercises to failure may result in the development of less 2 
efficient movement patterns and suboptimal postures to generate forces (i.e. developing poor 3 
exercise technique). However, the subgroup analysis showed no difference between groups in 4 
strength gains for lower body compared to upper body training. This suggests that the increased 5 
demands/skill requirement of an exercise does not impact upon muscular strength development 6 
following failure or non-failure training.  7 
Greater levels of fatigue, which may have resulted following failure training, can negatively 8 
affect the training volume attained during an exercise session due to reductions in repetitions or 9 
loads when performing consecutive sets (Willardson & Burkett, 2005, 2006a, 2006b). 10 
However, exercise compliance for the studies included in this review was considered high for 11 
the five studies where this was reported. It could be argued that less fatigue following non-12 
failure training compared to failure training may lead to a greater rate of progress (i.e. loading 13 
and training stimulus). Therefore, the effectiveness of failure versus non-failure training on 14 
muscular strength, at least in the short-term (i.e. 6 weeks) may be influenced by the ability to 15 
recover and allow for progressive overload. This may have implications for resistance trainers 16 
based on their level of performance and experience. 17 
 18 
Training status  19 
It is commonly thought that any benefit derived from performing failure compared to non-20 
failure resistance training for developing muscular strength would be observed in strength-21 
trained athletes (Peterson et al., 2005; Willardson, 2007). Trained athletes are able to tolerate 22 
high training stresses and it has been suggested that failure training might provide an extra 23 
stimulus to increase muscular strength (Peterson et al., 2004; Rhea et al., 2003), since strength 24 
gains tend to slow down or even plateau following long-term training (Zatsiorsky & Kraemer, 25 
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2006). Ahtiainen and Hӓkkinen (Ahtiainen & Häkkinen, 2009) found that strength athletes 1 
compared to non-athletes experienced greater muscle activation and neural fatigue during high-2 
intensity resistance exercise. In this review, untrained participants showed similar increases in 3 
muscular strength for failure versus non-failure training (~34% increase for both groups) 4 
suggests that subtle differences in resistance training prescription may not have a large impact 5 
on muscular strength. This is probably due to the large strength gains that novices typically 6 
experience following a resistance training program (Peterson et al., 2005). However, as a lifter 7 
becomes more experienced and the strength gains are less, slight manipulation of training 8 
variables such as failure versus non-failure training may have a significant effect.  9 
 10 
Methodological Quality  11 
The quality of studies included in this review was rated as moderate based on the Downs and 12 
Black checklist scores (Downs & Black, 1998). Across the eight studies that were included in 13 
this review, only the criteria of 12 items were fully met. The criteria of nine items were met by 14 
the majority of the studies (≥ 5); however for the rest of the items these were either minimally 15 
or not met by any studies. In particular, the reporting of adverse events as a consequence of the 16 
intervention was not reported by any studies. This information is of major importance when 17 
assessing whether failure training predisposes lifters to injuries. Additionally, it would help to 18 
inform the scientific community on whether other factors such as training status and type of 19 
exercises performed increases the risk of injury or overtraining when performing failure 20 
training. There were two internal validity (bias) items that were not met by any study; these 21 
items included 1) attempting to blind study participants and 2) attempting to blind assessors of 22 
the main outcomes. While the methodological quality of the studies included in this review 23 
could have been improved through blinding the assessors, blinding of participants in exercise 24 
interventions is not possible. Also, there was one internal validity item where the criterion was 25 
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not met by any study. This item asked whether the randomized intervention assignment was 1 
concealed from both participants and investigators. Failure to meet the criteria for this item 2 
increases the risk that participants may have been allocated to a more or less appropriate group.  3 
It could not be determined whether the majority of studies met the criteria for two internal 4 
validity items. If these items were not met, this may have biased the results of this review. One 5 
of these items was whether the participants were representative of the entire population from 6 
which they were recruited. Thus, there is a possibility that participants with preconceived 7 
thoughts of failure and non-failure training may have been recruited. The other item not met 8 
included whether participants were recruited over the same time period. Not meeting the 9 
criteria for this item increases the risk that a study was run until a desired conclusion was 10 
achieved. However, despite the concerns over the items that were not met or unable to be 11 
determined, there is a good possibility that methodological quality of the included studies was 12 
underestimated. This suggests that there would be a lower risk that reporting, external validity 13 
and internal validity (bias and confounding) influenced the overall results.  14 
 15 
Strengths, Limitations and Future Directions  16 
The strengths of our review include the systematic nature of the search, the rigorous nature of 17 
data extraction and quality assessment of the studies. Studies that found non-significant 18 
differences between the two training methods may have had small sample sizes which provided 19 
insufficient statistical power to detect significant differences, therefore a meta-analysis 20 
approach was used to overcome this issue. Furthermore, the numerous subgroup analyses 21 
allowed for the effect of many potential confounders such as training volume, training status, 22 
and exercise type to be examined. While this review offers quantitative evidence showing no 23 
difference between failure and non-failure training in the development of muscular strength, 24 
there are certain limitations that should be discussed. Firstly, the exercise prescription used in 25 
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the interventions differed slightly between studies in terms of number of exercises, repetition 1 
speed, intensity (loads), and rest between sets. Even though an attempt to address the effect of 2 
some confounders was conducted (through subgroup analyses), there is the potential that some 3 
of the other training variables may have confounded the results. Also the level of resistance 4 
training experience of participants varied between studies with some participants being 5 
experienced at a recreational level, while others regularly used resistance exercise as part of 6 
their overall training for a team sport. This may have reduced the ability to generalise findings 7 
to athletes where resistance exercise contributes to a larger portion of overall training. Finally, 8 
half of the studies included in the review had durations which only lasted six to eight weeks. 9 
Due to the short duration of these studies, which is considered the minimum for significant 10 
increases in muscular strength (Moritani & DeVries, 1979), the statistical effect of the 11 
interventions may have been reduced. However, there was no publication bias which provides 12 
confidence that the interventions were similar. Therefore, the only difference between studies 13 
was their power to detect changes in muscular strength following failure versus non-failure 14 
training.  15 
The small number of studies that were included in this review shows that there is a need for 16 
further research to examine the effect of failure versus non-failure training on muscular 17 
strength. It is likely that the small number of ES available for some of the analyses impacted 18 
upon whether a significant statistical effect was reached. Therefore, this may reduce the ability 19 
to generalise the precise effects of failure versus non-failure training on muscular strength. For 20 
novice and intermediate resistance trainers (<12 months experience), the findings of this review 21 
suggest performing sets of an exercise to failure does not lead to greater muscular strength 22 
gains compared to non-failure sets. Providing a load ≥70% 1RM is used, sets of repetitions can 23 
be performed to a point that is close to failure. The extra physical effort required to perform 24 
sets to failure as well as the high levels of discomfort might be perceived as a stimulus to 25 
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enhance adaptations associated with muscular strength. However, when weighing up the 1 
risk/benefit of failure training in conjunction with findings from this review it seems that non-2 
failure training would be the preferable training method, at least when targeting muscular 3 
strength.  4 
Advanced resistance trainers and athletes that use resistance training as part of their overall 5 
training program should limit the use of failure training based on the results of this review. 6 
Failure training could lead to greater joint compression which may increase the risk of joint 7 
damage/injuries. Additionally, if failure training is performed regularly, this may result in 8 
overtraining. Nevertheless, if failure training is to be implemented into a resistance training 9 
program, restricting its use to selected sets (i.e. the final set) and types of exercises (i.e. upper 10 
rather than lower body) may be important towards producing the desired training effects.  11 
 12 
Conclusion  13 
This systematic review with meta-analysis demonstrates that similar increases in muscular 14 
strength can be achieved with failure compared to non-failure resistance training. Training 15 
volume, resistance training experience, and type of exercises were shown not to have an impact 16 
on muscular strength following failure and non-failure training. However, the overall results 17 
tend to suggest that despite the high levels of discomfort and physical effort following failure 18 
training, that non-failure training leads to similar gains in muscular strength. This information 19 
is important to athletes who regularly use resistance training as part of their overall training 20 
program so that the risk of injuries and overtraining can be reduced. However, caution is 21 
warranted over the precise effects of non-failure compared to failure training on muscular 22 
strength due to training variables (number of exercises, repetition speed, etc.) which may have 23 
confounded the results.  24 
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 7 
Preface 8 
The previous chapter detailed the role of muscular fatigue by resistance training to momentary 9 
muscular failure in the development of muscular strength. While the accumulation of muscular 10 
fatigue during repetitions appears to not influence subsequent adaptation, a concomitant decline 11 
in velocity occurs as a set progresses toward momentary muscular failure. The velocity at 12 
which resistance training is performed has implications on motor unit activation patterns as 13 
well as time-under-tension which are important variables when seeking to improve muscular 14 
strength. Therefore, this chapter presents results of a systematic review and meta-analysis 15 
investigating whether the velocity of movement during resistance training affects subsequent 16 
development in muscular strength. Sub-group analyses were performed to ascertain whether 17 
load, training status and age influenced the results.   18 
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Abstract 1 
Background: Movement velocity is an acute resistance training variable that can be 2 
manipulated to potentially optimise dynamic muscular strength development. However, it is 3 
unclear whether performing faster or slower repetitions actually influences dynamic muscular 4 
strength gains.  5 
Objective: We conducted a systematic review and meta-analysis to examine the effect of 6 
movement velocity during resistance training on dynamic muscular strength.  7 
Methods: Five electronic databases were searched using terms related to movement velocity 8 
and resistance training. Studies were deemed eligible for inclusion if they met the following 9 
criteria: randomized and non-randomized comparative studies; published in English; included 10 
healthy adults; used isotonic resistance exercise interventions directly comparing fast or 11 
explosive training to slower movement velocity training; matched in prescribed intensity and 12 
volume; duration ≥ 4 weeks; and measured dynamic muscular strength changes. 13 
Results: A total of fifteen studies were identified that investigated movement velocity in 14 
accordance with the criteria outlined. Fast and moderate-slow resistance training were found to 15 
produce similar increases in dynamic muscular strength when all studies were included. 16 
However, when intensity was accounted for, there was a trend for a small effect favouring fast 17 
compared to moderate-slow training when moderate intensities, defined as 60-79% one 18 
repetition maximum, 1RM, were used (Effect size = 0.31; p = 0.06). Strength gains between 19 
conditions were not influenced by training status and age. 20 
Conclusions: Overall, the results suggest that fast and moderate-slow resistance training 21 
improve dynamic muscular strength similarly in individuals within a wide range of training 22 
statuses and ages. Resistance training performed at fast movement velocities using moderate 23 
intensities showed a trend for superior muscular strength gains as compared to moderate-slow 24 
Chapter 4: Movement Velocity Systematic Review and Meta-Analysis 
63 
resistance training. Both training practices should be considered for novice to advanced, young 1 
and older resistance trainers targeting dynamic muscular strength.  2 
 3 
Introduction 4 
Muscular strength is an important component of fitness and has been shown to improve health, 5 
functional ability, and quality of life of apparently healthy (Newman et al., 2006; Sjostrom, 6 
Lexell, Eriksson, & Taylor, 1991) and chronic disease populations (Cheema, Chan, Fahey, & 7 
Atlantis, 2014; Haddad, Qin, Zeng, McCue, & Baldwin, 1998) in addition to improving the 8 
performance of athletes (Ratamess et al., 2009). For individuals desiring increased dynamic 9 
muscular strength (i.e. one-repetition maximum, 1RM), the American College of Sports 10 
Medicine (ACSM) provides resistance training recommendations for novice (no resistance 11 
training experience) to advanced (> 12 months resistance training experience) trainers 12 
(Ratamess et al., 2009). These recommendations consist of information related to acute training 13 
variables such as exercise selection, sets per exercise, repetitions per set, rest between sets, 14 
training volume, intensity, and movement velocity. Specifically, movement velocities ranging 15 
from slow to moderate are recommended for individuals with < 12 months resistance training 16 
experience, whilst for advanced trainers a wide range of velocities are advocated with 17 
encouragement to maximise concentric velocity (Ratamess et al., 2009). However, the evidence 18 
cited to support movement velocity recommendations have been derived from either acute 19 
studies (Hay, Andrews, & Vaughan, 1983; Lachance & Hortobagyi, 1994) or studies that did 20 
not adequately control for critical training variables such as volume (sets x repetitions x load) 21 
and relative intensity (Keeler, Finkelstein, Miller, & Fernhall, 2001; Neils, Udermann, Brice, 22 
Winchester, & McGuigan, 2005). Hence, it is unclear whether manipulation of movement 23 
velocity during resistance exercises actually influences dynamic muscular strength gains. 24 
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Movement velocities used during resistance training are commonly described as the time taken 1 
to perform the concentric (CON; muscle shortening) and eccentric (ECC; muscle lengthening) 2 
muscle actions. Various movements with fast velocity have been studied and include; ballistic 3 
strength/power training (such as throwing weighted objects) (Zaras et al., 2013), and 4 
plyometric training (Adams, O’Shea, O’Shea, & Climstein, 1992). However, for the purposes 5 
of the current review, resistance training performed with fast movement velocity is defined as < 6 
1:1 (i.e. < 1 s CON: <1 s ECC) or with maximal concentric velocity (e.g. explosive), moderate 7 
velocity as 1-2:1-2, whilst slower movement velocity is > 2:2 (Ratamess et al., 2009). It should 8 
be noted that even though a trainer may attempt to deliberately manipulate movement velocity, 9 
this may not be possible depending on the load used (Neils et al., 2005). For example, it is 10 
difficult to perform sets of repetitions at fast movement velocities using ≥ 85% 1RM (Neils et 11 
al., 2005) or when performing sets to concentric failure (Almåsbakk & Hoff, 1996). 12 
Consequently, many studies that have investigated the effect of resistance exercise movement 13 
velocity on muscle performance have assigned heavier loads for the slower-training group and 14 
lighter loads for the faster-training group (commonly referred to as power training) (Almåsbakk 15 
& Hoff, 1996; Blazevich & Jenkins, 2002; De Vos et al., 2008; McBride, Triplett-McBride, 16 
Davie, & Newton, 2002; Palmieri, 1987; Sayers & Gibson, 2010). The majority of these studies 17 
demonstrated no differences in dynamic muscular strength between slower and faster 18 
movement velocities, although the results are most likely confounded due to inadequate control 19 
of training intensities and/or volume.  20 
The purpose of this review was to use the systematic review and meta-analytical approaches to 21 
examine the effect of fast compared to slow movement velocity resistance training on dynamic 22 
muscular strength. Where possible, subgroup analyses were conducted to determine whether 23 
training intensity, training status and age (i.e. elderly versus adult) influenced these effects. 24 
Information gathered from this meta-analysis will be useful to strength and conditioning 25 
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coaches (and athletes) when devising resistance training programs to maximize dynamic 1 
muscular strength development. 2 
 3 
Methods 4 
Search Strategy and Study Selection 5 
A search from the earliest record up to and including August 2016 was carried out using the 6 
following electronic databases: Medline, PubMed, Scopus (first 2,000 articles in order of 7 
relevance), SPORTDiscus and Web of Science. The search strategy employed combined the 8 
terms ‘tempo’ OR ‘speed’ OR ‘slow’ OR ‘fast’ OR ‘velocity’ OR ‘power’ OR ‘cadence’ OR 9 
‘explosive’ AND ‘weightlifting’ OR ‘weight lifting’ OR ‘weight-training’ OR ‘weight training’ 10 
OR ‘resistance-training’ OR ‘resistance training’ OR ‘resistance exercise’ OR ‘strength-11 
training’  OR ‘strength training’. Titles and abstracts of retrieved articles were individually 12 
evaluated by two reviewers (T.D. and K.K.) to assess their eligibility for review and meta-13 
analysis. Any disagreements were solved by consensus by a third reviewer (D.H.). The 14 
reviewers were not blinded to the studies’ authors, institutions or journals of publication. Study 15 
abstracts that did not provide sufficient information according to the inclusion criteria were 16 
retrieved for full-text evaluation. Corresponding authors of articles that were potentially 17 
eligible were contacted for any missing data or clarification of data presented. This systematic 18 
review and meta-analysis was conducted in accordance with the recommendations outlined in 19 
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement 20 
(Moher et al., 2009). 21 
 22 
Eligibility Criteria 23 
Articles were eligible for inclusion if they met the following criteria: (1) randomized and non-24 
randomized comparative studies; (2) scientific articles published in English (3) adult 25 
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participants (≥ 18 years of age); (4) participants recruited had no known medical condition or 1 
injury; (5) isotonic resistance training intervention; (6) an intervention group (fast) where the 2 
concentric and/or eccentric phase of each repetition was performed in ≤ 1 second or described 3 
as lifting with maximal concentric velocity (e.g. ‘explosive’); (7) a comparison group 4 
(moderate-slow) that performed repetitions (i.e. concentric plus eccentric phase) at a slower 5 
movement velocity or not intending to lift with maximal concentric velocity; (8) matched in 6 
prescribed intensity (% 1RM or RM) and volume (repetitions x sets); (9) interventions ≥ 4 7 
weeks duration; and (10) measured dynamic muscular strength changes. 8 
 9 
Data Extraction 10 
Two reviewers (T.D. and D.H.) separately and independently evaluated full-text articles and 11 
conducted data extraction, using a standardized, predefined form. Relevant data regarding 12 
participant characteristics (age, training experience and body weight), study characteristics 13 
(training frequency, exercises prescribed, sets, repetitions, rest between sets, intensity, tempo of 14 
exercise(s), intervention length and compliance) and dynamic muscular strength testing were 15 
collected. Shortly after extractions were performed, the reviewers crosschecked the data to 16 
confirm their accuracy. Any discrepancies were discussed until a consensus was reached with 17 
any disagreements being resolved by consultation with a third reviewer (M.H.).  18 
 19 
Quality Analysis 20 
Methodological quality of studies meeting the inclusionary criteria was assessed using a 21 
modified Downs and Black quality assessment tool (Downs & Black, 1998). Briefly, scores 22 
ranged from 0 to 29 points, with higher scores reflecting higher-quality research. Scores above 23 
20 were considered good; scores of 11-20 were considered moderate and scores below 11 were 24 
considered poor methodological quality (Laframboise & Degraauw, 2011). Studies were 25 
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independently rated by two reviewers (T.D. and D.H.) and checked for internal (intra-rater) 1 
consistency across items before the scores were combined into a spreadsheet for discussion. If 2 
disagreements between ratings occurred, they were resolved by discussion or consensus was 3 
reached through the assistance of a third reviewer (M.H.). 4 
 5 
Statistical Analysis 6 
Data are presented as mean ± standard deviation (SD) or confidence interval (CI). All analyses 7 
were conducted using Comprehensive Meta-Analysis version 2 software (Biostat Inc., 8 
Englewood, New Jersey, United States of America). The level of significance was set at p < 9 
0.05 and trends were declared at p = 0.05 to ≤ 0.10). Effect size (ES) values were calculated as 10 
standardized differences in the means. An ES of 0.2 was considered a small effect, 0.5 a 11 
moderate effect and 0.8 a large effect (Cohen, 1977). Within-group change in dynamic 12 
muscular strength was determined by calculation of the difference between pre- and post-13 
intervention. The mean relative percentage change (post- minus pre-training dynamic muscular 14 
strength, divided by pre-training dynamic muscular strength, multiplied by 100) was calculated 15 
for the fast and moderate-slow groups. When studies had multiple outcomes (e.g. tested 16 
dynamic muscular strength on multiple movements), ESs were averaged across outcomes. 17 
Additionally, the variance of ESs was calculated as: V = 0.25 (V1 + V2 + 2r √V1 × V2), where 18 
‘V1’ and ‘V2’ are the variance of outcome 1 and 2 respectively and ‘r’ is the correlation 19 
coefficient (set at 0.5) between the two outcomes (Van Cutsem et al., 1998).  20 
Between-study variability was examined for heterogeneity, using the I2 statistic for quantifying 21 
inconsistency (Higgins et al., 2003). The heterogeneity thresholds were set at I2 = 25% (low), I2 22 
= 50% (moderate) and I2 = 75% (high) (Higgins et al., 2003). To be conservative, a random-23 
effects model of meta-analysis was applied to the pooled data. A funnel plot and rank 24 
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correlations between effect estimates and their standard errors (SE), using Kendall’s  statistic 1 
(Begg & Mazumdar, 1994), were used to examine publication bias when a significant result (p 2 
< 0.05) was found. The primary analysis compared the effect of fast versus moderate-slow 3 
repetitions on outcomes of dynamic muscular strength. Sub-group analyses were performed on 4 
dynamic muscular strength outcomes in relation to training intensity, training status and age 5 
(i.e. elderly versus adult). 6 
 7 
  8 
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Figure 4.1 Flow chart of the study retrieval process. 1 
 2 
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Results 1 
Description of studies 2 
The database search yielded 33,423 potential studies with the addition of three studies 3 
identified from reference lists and external sources (Figure 4.1). Fifteen studies (Assis-Pereira 4 
et al., 2016; Bottaro, Machado, Nogueira, Scales, & Veloso, 2007; Gonzalez-Badillo et al., 5 
2014; Hisaeda, Nakamura, Kuno, Fukunaga, & Muraoka, 1996; Jones, Hunter, Fleisig, 6 
Escamilla, & Lemak, 1999; Liow & Hopkins, 2003; Morrissey, Harman, Frykman, & Han, 7 
1998; Munn et al., 2005; Pareja-Blanco et al., 2014; Pereira & Gomes, 2007; Usui, Maeo, 8 
Tayashiki, Nakatani, & Kanehisa, 2016; Watanabe, Madarame, Ogasawara, Nakazato, & Ishii, 9 
2014; Watanabe et al., 2013; Young & Bilby, 1993) met the eligibility criteria and were 10 
included in the systematic review and meta-analysis. There were a total of 509 participants 11 
(292 males and 217 females) aged 19-73 years. Of the 15 studies that were included in the 12 
analysis, four studies included elderly participants (Bottaro et al., 2007; Fielding et al., 2002; 13 
Watanabe et al., 2014; Watanabe et al., 2013) with the remaining studies using younger adult 14 
participants (Assis-Pereira et al., 2016; Fielding et al., 2002; Gonzalez-Badillo et al., 2014; 15 
Hisaeda et al., 1996; Jones et al., 1999; Liow & Hopkins, 2003; Morrissey et al., 1998; Munn et 16 
al., 2005; Pareja-Blanco et al., 2014; Pereira & Gomes, 2007; Usui et al., 2016; Young & 17 
Bilby, 1993) (Table 4.1). 18 
Training status varied with 108 participants having previous resistance training experience 19 
(Assis-Pereira et al., 2016; Gonzalez-Badillo et al., 2014; Jones et al., 1999; Liow & Hopkins, 20 
2003; Pareja-Blanco et al., 2014) and 401 participants having no prior resistance training 21 
experience (Bottaro et al., 2007; Fielding et al., 2002; Hisaeda et al., 1996; Morrissey et al., 22 
1998; Munn et al., 2005; Pereira & Gomes, 2007; Usui et al., 2016; Watanabe et al., 2014; 23 
Watanabe et al., 2013; Young & Bilby, 1993) (Table 4.1). Training specifics of each study are 24 
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presented in Table 4.2. All included studies had participants in both the fast and moderate-slow 1 
interventions complete the same resistance training program. This included 1-6 sets of 2-13 2 
repetitions at loads of either 30 % – 95 % 1RM or 6-12RM. Six studies stated that both 3 
interventions performed resistance exercise to concentric failure (Assis-Pereira et al., 2016; 4 
Liow & Hopkins, 2003; Morrissey et al., 1998; Munn et al., 2005; Pereira & Gomes, 2007; 5 
Young & Bilby, 1993). 6 
  7 
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Table 4.1 Participant characteristics of included studies. 1 
 2 
Participants in the fast condition performed the concentric phase of repetitions explosively in 3 
eight studies (Bottaro et al., 2007; Fielding et al., 2002; Gonzalez-Badillo et al., 2014; Hisaeda 4 
et al., 1996; Jones et al., 1999; Liow & Hopkins, 2003; Pareja-Blanco et al., 2014; Young & 5 
Bilby, 1993), while the remaining studies provided a 1 second tempo (Assis-Pereira et al., 6 
Study Group 
Number of 
participants 
Sex:  
M [%] 
Age 
[years]a 
Height [cm]a Weight [kg]a 
Training 
status 
Assis-Pereira et al. (2016) Fast 6 100 28.3 ± 8.2 172.3 ± 5.3 72.3 ± 9.3 Trained 
Slow 6 100 30.3 ± 5.6 172.6 ± 4.8 73.8 ± 5.1 Trained 
Bottaro et al. (2007) Fast  11 100 66.6 ± 5.8 171.7 ±5.9 62.0 ± 8.0 Untrained 
Slow 9 100 66.3 ± 4.8 169.6 ± 6.4 61.4 ± 8.7 Untrained 
Fielding et al. (2002) Fast  15 100 73.2 ± 4.6 157.6 ± 5.8 74.7 ± 13.2 Untrained 
Slow 15 100 72.1 ± 5.0 157.2 ± 5.4 71.2 ± 21.7 Untrained 
Gonzalez-Badillo et al. (2014) Fast  9 100 21.9 ± 2.9 177.0 ± 8.0 70.9 ± 8.0 Trained 
Slow 11 100 21.9 ± 2.9 177.0 ± 8.0 70.9 ± 8.0 Trained 
Hisaeda et al. (1996) Fast 14 59 22.0 ± 2.0 167.2 ± 7.4 62.5 ± 8.7 Untrained 
Slow 14 59 22.0 ± 2.0 167.2 ± 7.4 62.5 ± 8.7 Untrained 
Jones et al. (1999)  Fast  15 100 20.1 ± 0.9 180 ± 1.0 103.50 ± 19.3 Trained 
Slow 15 100 19.9 ± 0.8 180 ± 1.0 92.1 ± 15.1 Trained 
Liow et al. (2003)  Fast  13 69.2 23.0 ± 6.0 NR NR Trained 
Slow 12 75 23.0 ± 5 NR NR Trained 
Morrissey et al. (1998) Fast  10 0 24.0 ± 3.0 161.0 ± 6.0 58.0 ± 8.0 Untrained 
Slow 11 0 24.0 ± 4.0 162.0 ± 5.0 57.0 ± 7.0 Untrained 
Munn et al. (2005) 1 set Fast  23 81.7 20.6 ± 6.1 168.1 ± 9.1 64.2 ± 11.6 Untrained 
Slow 23 81.7 20.6 ± 6.1 168.1 ± 9.1 64.2 ± 11.6 Untrained 
Munn et al. (2005) 3 sets  Fast  23 81.7 20.6 ± 6.1 168.1 ± 9.1 64.2 ± 11.6 Untrained 
Slow 23 81.7 20.6 ± 6.1 168.1 ± 9.1 64.2 ± 11.6 Untrained 
Pareja-Blanco et al. (2014) Fast 10 100 23.3 ± 3.2 177.0 ± 7.0 73.6 ± 9.2 Trained 
Slow 11 100 23.3 ± 3.2 177.0 ± 7.0 73.6 ± 9.2 Trained 
Pereira et al. (2007) Fast  6 16.7 27.8 ± 6.6 161.8 ± 5.7 55.3 ± 8.8 Untrained 
Slow 8 37.5 26.1 ± 6.6 168.6 ± 8.7 65.5 ± 12.4 Untrained 
Usui et al. (2016)  Fast 7 100 22.5 ± 0.5 169.4 ± 4.7 68.7 ± 5.2 Untrained 
Slow 9 100 22.2 ± 2.1 175.0 ± 7.2 71.6 ± 5.8 Untrained 
Watanabe et al. (2014)  Fast  9 77.8 69 ± 4.7 158.4 ± 10.2 60.8 ± 13.2 Untrained 
Slow 9 77.8 69.9 ± 5.1 159.8 ± 10.9 58.3 ± 13.0 Untrained 
Watanabe et al. (2013)  Fast  17 48.5 66.8 ± 3.8 158.3 ± 6.6 59.8 ± 6.6 Untrained 
Slow 18 50 66.8 ± 5.2 158.6 ± 8.5 61.0 ± 9.1 Untrained 
Young et al. (1993) Fast  8 100 19.0-23.0 NR NR Untrained 
Slow 10 100 19.0-23.0 NR NR Untrained 
a Data are reported as mean ± SD or as a range. 
cm centimeters, kg kilograms, M males, NR not reported, SD standard deviation. 
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2016; Morrissey et al., 1998; Munn et al., 2005; Pereira & Gomes, 2007; Usui et al., 2016; 1 
Watanabe et al., 2014; Watanabe et al., 2013). The eccentric phase was performed with a 1-3 2 
second tempo (Assis-Pereira et al., 2016; Bottaro et al., 2007; Fielding et al., 2002; Hisaeda et 3 
al., 1996; Liow & Hopkins, 2003; Morrissey et al., 1998; Munn et al., 2005; Pereira & Gomes, 4 
2007; Usui et al., 2016; Watanabe et al., 2014; Watanabe et al., 2013) or through verbal 5 
instruction to be moderate-slow and controlled (Gonzalez-Badillo et al., 2014; Jones et al., 6 
1999; Pareja-Blanco et al., 2014; Young & Bilby, 1993). Participants in the moderate-slow 7 
condition performed the concentric phase of each repetition with a tempo of 1.7 – 3 seconds 8 
(Assis-Pereira et al., 2016; Bottaro et al., 2007; Fielding et al., 2002; Hisaeda et al., 1996; Liow 9 
& Hopkins, 2003; Morrissey et al., 1998; Munn et al., 2005; Pereira & Gomes, 2007; Usui et 10 
al., 2016; Watanabe et al., 2014; Watanabe et al., 2013) or with deliberate intent to reduce 11 
velocity (Gonzalez-Badillo et al., 2014; Jones et al., 1999; Pareja-Blanco et al., 2014; Young & 12 
Bilby, 1993). The eccentric phase was performed with a tempo of 1.7 – 3 seconds (Assis-13 
Pereira et al., 2016; Bottaro et al., 2007; Fielding et al., 2002; Hisaeda et al., 1996; Liow & 14 
Hopkins, 2003; Morrissey et al., 1998; Munn et al., 2005; Pereira & Gomes, 2007; Usui et al., 15 
2016; Watanabe et al., 2014; Watanabe et al., 2013) or with verbal instruction to be moderate-16 
slow and controlled (Gonzalez-Badillo et al., 2014; Jones et al., 1999; Pareja-Blanco et al., 17 
2014; Young & Bilby, 1993).  18 
All studies tested dynamic muscular strength using the 1RM (Assis-Pereira et al., 2016; Bottaro 19 
et al., 2007; Fielding et al., 2002; Gonzalez-Badillo et al., 2014; Hisaeda et al., 1996; Jones et 20 
al., 1999; Liow & Hopkins, 2003; Morrissey et al., 1998; Munn et al., 2005; Pareja-Blanco et 21 
al., 2014; Pereira & Gomes, 2007; Usui et al., 2016; Watanabe et al., 2014; Watanabe et al., 22 
2013; Young & Bilby, 1993). Two studies tested 1RM on both upper and lower body 23 
movements (Bottaro et al., 2007; Pereira & Gomes, 2007), seven studies tested 1RM on lower 24 
body movements only (Fielding et al., 2002; Gonzalez-Badillo et al., 2014; Morrissey et al., 25 
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1998; Pareja-Blanco et al., 2014; Usui et al., 2016; Watanabe et al., 2014; Watanabe et al., 1 
2013; Young & Bilby, 1993) and six studies tested 1RM on upper body movements only 2 
(Assis-Pereira et al., 2016; Gonzalez-Badillo et al., 2014; Hisaeda et al., 1996; Jones et al., 3 
1999; Liow & Hopkins, 2003; Munn et al., 2005). Further, 1RM testing was performed with 4 
both isolated and compound movements in one study (Fielding et al., 2002), nine studies tested 5 
1RM with compound movements only (Bottaro et al., 2007; Gonzalez-Badillo et al., 2014; 6 
Jones et al., 1999; Liow & Hopkins, 2003; Morrissey et al., 1998; Pareja-Blanco et al., 2014; 7 
Pereira & Gomes, 2007; Usui et al., 2016; Young & Bilby, 1993) and five studies tested 1RM 8 
with isolated movements only (Assis-Pereira et al., 2016; Hisaeda et al., 1996; Munn et al., 9 
2005; Watanabe et al., 2014; Watanabe et al., 2013). The squat was used for dynamic muscular 10 
strength testing in five studies (Morrissey et al., 1998; Pareja-Blanco et al., 2014; Pereira & 11 
Gomes, 2007; Usui et al., 2016; Young & Bilby, 1993), bench press in four studies (Gonzalez-12 
Badillo et al., 2014; Jones et al., 1999; Liow & Hopkins, 2003; Pereira & Gomes, 2007), leg 13 
extension (Fielding et al., 2002; Watanabe et al., 2014; Watanabe et al., 2013) and bicep curl 14 
(Assis-Pereira et al., 2016; Hisaeda et al., 1996; Munn et al., 2005) in three studies, leg press 15 
(Bottaro et al., 2007; Fielding et al., 2002) in two studies, while the chest press (Bottaro et al., 16 
2007), dumbbell pull (Liow & Hopkins, 2003) and hamstring curl (Watanabe et al., 2014) were 17 
each used in one study. 18 
 19 
 20 
Chapter 4: Movement Velocity Systematic Review and Meta-Analysis 
75 
Table 4.2 Training characteristics of included studies.  1 
Study Group Exercise prescription 
Duration 
[weeks] 
Frequency 
[days/week] 
Strength test Velocity manipulation 
Assis-Pereira et 
al. (2016) 
Fast 
SC: 3 x 8RM, 2 min rest between sets 12 2 1RM SC 
1 s ECC, 1 s CON 
Slow 4 s ECC, 1 s CON 
Bottaro et al. 
(2007)  
Fast LP, KE, KF, CP, SR, EE, EF: 3 x 8-10 repetitions @ 
40 %-60 % 1RM, 1 min 30 s rest between sets 
10 2 
1RM LP 
and CP 
2-3 s ECC, explosive CON 
Slow 2-3 s ECC and CON 
Fielding et al. 
(2002)  
Fast 
LP and KE: 3 x 8 @ 70 % 1RM, rest between sets 
NR 
16 3 
1RM LP 
and KE 
2 s ECC, 1 s at full extension, 
explosive CON 
Slow 2 s ECC, 1 s at full extension, 2 
sec CON 
Gonzalez-
Badillo et al. 
(2014)  
Fast 
SMBP: 3-4 x 2-8 repetitions @ 60 %-80 % 1RM, 3 
min rest between sets 
6 3 1RM SMBP 
Controlled ECC, maximal 
intended CON velocity 
Slow Controlled ECC, intentionally 
half-maximal CON velocity 
Hisaeda et al. 
(1996)  
Fast UBC: 6 sets of 10 repetitions @ 50%, 30 s rest 
between sets 
8 4 
1RM UBC 
(both arms) 
2 s ECC, explosive CON 
Slow 2 s ECC, 2 s CON 
Jones et al. 
(1999)  
Fast 
BP, IBP, CGBP, BTNP, AC, PS, CL, HC, RDL: 3-4 
sets of 2-10 repetitions @ 65 % - 95 % 1RM on 
heavy days and 50 % - 75 % on light days 
14 2 1RM BP 
Deliberate speed ECC, maximal 
acceleration CON 
Slow Deliberate speed ECC, normal 
acceleration CON 
Liow et al. 
(2003) 
Fast 
BP and DP: 3 sets to failure @ 80% 1RM, 3 min rest 
between sets 
6 2 
1RM BP 
and DP 
~1.7 s ECC, explosive CON (≤ 
0.86 s) 
Slow ~1.7 s ECC, slow and even rate 
CON (~1.7 s) 
Morrissey et al. 
(1998) 
Fast 
BS: 3 x 8RM, rest between sets NR 7 3 1RM BS 
1 s ECC and CON 
Slow 2 s ECC and CON 
Munn et al. 
(2005) 1 set  
Fast UBC: 1 set to failure @ 6-8RM, 2 min rest between 
sets 
7 3 1RM UBC 
1 s ECC and CON 
Slow 3 s ECC and CON 
Munn et al. 
(2005) 3 sets  
Fast UBC: 3 sets to failure @ 6-8RM, 2 min rest between 
sets 
7 3 1RM UBC 
1 s ECC and CON 
Slow 3 s ECC and CON 
Pareja-Blanco et 
al. (2014)  
Fast 
PS: 3-4 x 2-8 repetitions @ 60 %-80 % 1RM, 3 min 
rest between sets 
6 3 1RM PS 
Controlled ECC, maximal 
intended CON velocity 
Slow Controlled ECC, intentionally 
half-maximal CON velocity 
Pereira et al. 
(2007)  
Fast 
SMBS and SMBP: 1 set at 8-10RM, rest between sets 
NR 
12 3 
1RM SMBS 
and SMBP 
1.75 rad/s (~1.8 s) for movement 
completion 
Slow 0.44 rad/s (~7.3 s) for movement 
completion 
Usui et al. 
(2016)  
Fast PS: 3 sets of 10 repetitions @ 50% 1RM, 1 min rest 
between sets 
3 8 1RM PS 
1 s ECC, 1 s CON, 1 s pause 
Slow 3 s ECC, 3 s CON 
Watanabe et al. 
(2014)  
Fast 
KF, KE: 3 x 8 repetitions @ 50 % 1RM, 1 min rest 
between sets 
12 2 
1RM KF 
and KE 
1 s ECC and CON 
Slow 3 s ECC, 1 s at full extension, 3 s 
CON 
Watanabe et al. 
(2013)  
Fast 
KE: 3 x 13 repetitions @ 30 % 1RM, 1 min rest 
between sets 
12 2 1RM KE 
1 s ECC and CON 
Slow 3 s ECC, 1 s at full extension, 3 s 
CON 
Young et al. 
(1993) 
Fast 
HS: 4 x 8-12RM, 3 min rest between sets 7.5 3 1RM HS 
Controlled ECC, explosive CON 
Slow Controlled ECC, slow and 
controlled CON 
AC arm curl, BP bench press, BS back squat, BTNP behind-the-neck press, CGBP close-grip bench press, CL clean, CON concentric, CP chest press, 
DP dumbbell pull, ECC eccentric, EE elbow extension, EF elbow flexion, HC hamstring curl, HS half squat, IBP incline bench press,  KF knee 
flexion, KE knee extension, LP leg press, NR not reported, PS parallel squat, rad radians, , RDL Romanian deadlift, RM repetition maximum, s second, 
SC Scott curl; SMBP Smith machine bench press, SMBS Smith machine back squat, SR seated row, UBC unilateral bicep curl 
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Methodological Quality 1 
The mean ± SD quality rating score was 20.8 ± 2.2 out of a possible score of 29 (Table 4.3). All 2 
studies scored 0 (not reported or unable to determine) for attempting to blind participants or 3 
researchers to the intervention they received or to their randomization assignment. One study 4 
stated its participants were recruited over the same period of time (Jones et al., 1999).  All 5 
studies reported the aims or purpose, outcome measures, characteristics of participants, details 6 
of the interventions, main findings and point estimates of random variability. The trained and 7 
untrained participants were randomly selected and were considered to be representative of these 8 
populations. There was no evidence of data dredging and all measures of dynamic muscular 9 
strength were valid and reliable. Compliance rate was reported in seven studies and was ≥ 10 
87.5% (Fielding et al., 2002; Gonzalez-Badillo et al., 2014; Munn et al., 2005; Pareja-Blanco et 11 
al., 2014; Pereira & Gomes, 2007; Watanabe et al., 2014; Watanabe et al., 2013). Supervision 12 
of training sessions was reported in seven studies (Fielding et al., 2002; Gonzalez-Badillo et al., 13 
2014; Jones et al., 1999; Liow & Hopkins, 2003; Morrissey et al., 1998; Pareja-Blanco et al., 14 
2014; Young & Bilby, 1993), while it was unknown as to whether the remaining studies 15 
provided supervision (Assis-Pereira et al., 2016; Bottaro et al., 2007; Hisaeda et al., 1996; 16 
Munn et al., 2005; Pereira & Gomes, 2007; Watanabe et al., 2014; Watanabe et al., 2013). 17 
  18 
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Table 4.3 Results of the modified Downs and Black methodological quality assessment. 1 
Study 
Year Reporting a 
External 
validityb 
Internal validity 
   Score 
Bias c Confounding d 
Items 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 
Total 
/29 
Assis-Pereira et al. 
(2016) 
2016 1 1 1 1 1 1 1 0 0 1 1 1 1 0 0 1 1 1 0e 1 1 0ee 1 0e 0e 1 0 0 0e 18 
Bottaro et al. (2009) 2007 1 1 1 1 1 1 1 0 1 0 1 1 1 0 0 1 1 1 0e 1 1 0e 1 0e 0e 1 1 0 0e 20 
Fielding et al. (2002) 2002 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0e 1 0e 1 1 1 1 1 25 
Gonzalez-Badillo et al. 
(2014) 
2010 1 1 1 1 1 1 1 0 0 1 1 1 1 0 0 1 1 1 1 1 1 0e 1 0e 0e 0 1 1 1 21 
Hisaeda et al. (1996) 1996 1 1 1 1 1 1 1 0 1 0 1 1 1 0 0 1 1 1 0e 1 1 0e 1 0e 0e 1 1 0 0e 19 
Jones et al. (1999 1999 1 1 1 1 1 1 1 1 1 0 1 1 1 0 0 1 1 1 0e 1 1 1 1 0e 0e 1 1 0 1 22 
Liow et al. (2003) 2003 1 1 1 1 1 1 1 0 1 0 1 1 1 0 0 1 1 1 0e 1 1 0e 1 0e 0e 0e 1 0 1 19 
Morrissey et al. (1998) 1998 1 1 1 1 1 1 1 0 0 0 1 1 1 0 0 1 1 1 0e 1 1 0e 1 0e 0e 1 1 0 1 19 
Munn et al. (2005) 2005 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0e 1 0e 0e 1 1 1 0e 24 
Pareja-Blanco et al. 
(2014) 
2014 1 1 1 1 1 1 1 1 1 0 1 1 1 0 0 1 1 1 1 1 1 0e 1 0e 0e 1 1 1 1 23 
Pereira et al. (2007) 2007 1 1 1 1 1 1 1 1 0 1 1 1 1 0 0 1 1 1 1 1 1 0e 1 0e 0e 0 1 1 0e 21 
Usui et al. (2016) 2016 1 1 1 1 1 1 1 1 1 0 1 1 1 0 0 1 1 1 0e 1 1 0e 1 0e 0e 1 1 0 0e 20 
Watanabe et al. (2014) 2014 1 1 1 1 1 1 1 1 1 0 1 1 1 0 0 1 1 1 1 1 1 0e 1 0e 0e 1 1 1 0e 22 
Watanabe et al. (2013) 2013 1 1 1 1 1 1 1 1 1 0 1 1 1 0 0 1 1 1 1 1 1 0e 1 0e 0e 1 1 1 0e 22 
Young et al. (1993) 1993 1 1 1 1 1 1 1 0 0 0 1 1 1 0 0 1 1 1 0e 1 1 0e 1 0e 0e 0e 1 0 1 17 
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Dynamic Muscular Strength 1 
Combined Studies  2 
Fast training was found to increase dynamic muscular strength by 21.8 %, while moderate-slow 3 
training increased dynamic muscular strength by 20.8 % (Table 4.4). The difference in dynamic 4 
muscular strength between interventions was small (ES = 0.07, 95% CI: -0.13 to 0.27) with no 5 
significant difference between groups (p = 0.48, Figure 4.2). There was no heterogeneity of the 6 
effect between fast and moderate-slow training on dynamic muscular strength (I2 = 0 %). 7 
Kendall’s  statistic ( = 0.00; p = 0.95) and funnel plots revealed no publication bias in any 8 
study (Figure 4.3). 9 
 10 
Intensity  11 
A trend for a small effect favouring fast compared to moderate-slow training was found when 12 
studies were restricted to interventions using moderate intensities (60-79 % 1RM) (ES = 0.31, 13 
95% CI: -0.01 to 0.63; p = 0.06) (Assis-Pereira et al., 2016; Fielding et al., 2002; Gonzalez-14 
Badillo et al., 2014; Jones et al., 1999; Pareja-Blanco et al., 2014; Pereira & Gomes, 2007; 15 
Young & Bilby, 1993). There were no significant effects between fast and moderate-slow 16 
training when studies were restricted to low (< 60 % 1RM, ES = -0.06, 95% CI: -0.45 to 0.32; p 17 
= 0.76) (Bottaro et al., 2007; Hisaeda et al., 1996; Usui et al., 2016; Watanabe et al., 2014; 18 
Watanabe et al., 2013) or high intensities (≥ 80 % 1RM, ES = -0.08, 95% CI: -0.41 to 0.25; p = 19 
0.63) (Liow & Hopkins, 2003; Morrissey et al., 1998; Munn et al., 2005) . There was no 20 
heterogeneity of the effect between fast and moderate-slow training on dynamic muscular 21 
strength when intensity was accounted for (I2 = 0%). Kendall’s  statistic and funnel plots 22 
revealed no publication bias in studies that used low intensities ( = 0.00; p = 0.98), moderate 23 
intensities ( = 0.00; p = 0.82), or high intensities ( = 0.00; p = 0.91). 24 
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 1 
Training Status 2 
There were no significant effects found between fast versus moderate-slow training on dynamic 3 
muscular strength for studies that had trained (ES = 0.25, 95% CI: -0.13 to 0.62; p = 0.19) 4 
(Assis-Pereira et al., 2016; Gonzalez-Badillo et al., 2014; Jones et al., 1999; Liow & Hopkins, 5 
2003; Pareja-Blanco et al., 2014) and untrained (ES = 0.00, 95% CI: -0.23 to 0.24; p = 0.98) 6 
participants (Bottaro et al., 2007; Fielding et al., 2002; Hisaeda et al., 1996; Morrissey et al., 7 
1998; Munn et al., 2005; Pereira & Gomes, 2007; Usui et al., 2016; Watanabe et al., 2014; 8 
Watanabe et al., 2013; Young & Bilby, 1993). There was no heterogeneity of the effect 9 
between fast and moderate-slow training on dynamic muscular strength when training status 10 
was accounted for (I2 = 0%). Kendall’s  statistic and funnel plots revealed no publication bias 11 
in studies that used trained ( = 0.00; p = 0.86), or untrained participants ( = 0.00; p = 0.91). 12 
 13 
Age 14 
No significant effects were found between fast and moderate-slow training when studies were 15 
restricted to elderly (ES = 0.20, 95% CI: -0.17 to 0.57; p = 0.30) (Bottaro et al., 2007; Fielding 16 
et al., 2002; Watanabe et al., 2014; Watanabe et al., 2013) and young to middle aged 17 
participants (ES = 0.02, 95% CI: -0.21 to 0.25; p = 0.86) (Assis-Pereira et al., 2016; Gonzalez-18 
Badillo et al., 2014; Hisaeda et al., 1996; Jones et al., 1999; Liow & Hopkins, 2003; Morrissey 19 
et al., 1998; Munn et al., 2005; Pareja-Blanco et al., 2014; Pereira & Gomes, 2007; Usui et al., 20 
2016; Young & Bilby, 1993). There was no heterogeneity of the effect between fast and 21 
moderate-slow training on dynamic muscular strength when age was accounted for (I2 = 0%). 22 
Kendall’s  statistic and funnel plots revealed no publication bias in studies that used elderly 23 
participants ( = 0.00; p = 0.47) or young to middle aged participants ( = 0.00; p = 0.97). 24 
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Table 4.4 The effects of fast vs. moderate-slow resistance training programs on muscular strength. 
Study 
 
Fast 
 
Moderate-slow 
 Std diff in 
mean: effect size 
(SE) 
95% CI  p-Value 
n 
Pre-training 
[kg]a 
Post-training 
[kg] a 
Change 
[%]b  
 n 
Pre-training 
[kg] a 
Post-training 
[kg] a 
Change 
[%]c 
 
 
   
Assis-Pereira et al. (2016) 6 49.0 ± 6.4 58.3 ± 14.9 19.0  6 46.3 ± 6.8 61.3 ± 8 32.4   -0.48 (0.59) -1.62 to 0.67 0.42 
Bottaro et al. CP (2007) *  11 45.1 ± 6.5 57.8 ± 8.7 28.2  9 50.2 ± 8.1 62.7 ± 8.5 24.9   0.02 (0.45) -0.88 to 0.88 0.96 
Bottaro et al. LP (2007) *  11 174.3 ± 33.7 221.6 ± 42.0 27.1  9 176.7 ± 26.1 223.9 ± 37.7 26.7   0.00 (0.45) -0.86 to 0.90 1.00 
Fielding et al. KE (2002) * c, e 15 5.8 ± 0.4 8.3 ± 0.4 44.1  15 5.5 ± 0.5 7.8 ± 0.7 41.8   0.42 (0.37) 0.10 to 1.59 0.25 
Fielding et al. LP (2002) * c, e 15 177.7 ± 9.9 244.4 ± 9.6 37.5  15 168.3 ± 15.6 223.5 ± 16.7 32.8   0.84 (0.38) -0.30 to 1.14 0.03 
Hisaeda et al. (1996) 7 11.3 ± 3.4 14.0 ± 3.8 23.9  7 10.9 ± 3.7 13.6 ± 3.6 24.8   0.00 (0.53) -1.05 to 1.05 1.00 
Gonzalez-Badillo et al. (2014) 9 75.8 ± 17.9 88.2 ± 15.1 16.4  11 73.9 ± 9.7 80.8 ± 11.2 9.3   0.42 (0.45) -0.47 to 1.31 0.35 
Jones et al. (1999) 15 114.7 ± 17.2 125.5 ± 15.5 9.4  15 130.0 ± 18.2 135.0 ± 19.0 3.8   0.33 (0.37) -0.39 to 1.06 0.36 
Liow et al. BP (2003) d 13 58.0 ± 17.0 66.0 ± 19.0 13.8  12 54.0 ± 15.0 60.0 ± 16.0 11.1   0.11 (0.40) -0.61 to 0.96 0.78 
Liow et al. DP (2003) d 13 57.0 ± 18.0 64.0 ± 16.0 12.3  12 60.0 ± 20.0 64.0 ± 19.0 6.7   0.17 (0.40) -0.67 to 0.90 0.67 
Morrissey et al. (1998)  10 67.0 ± 20.0 82.0 ± 16.0 22.4  11 57.0 ± 8.0 74.0 ± 10.0 29.8   -0.15 (0.44) -1.01 to 0.71 0.73 
Munn et al. (2005) 1 set 23 5.8 ± 4.0 8.0 ± 5.1 37.9  23 5.4 ± 2.0 6.9 ± 1.9 27.8   -0.18 (0.30) -0.69 to 0.47 0.54 
Munn et al. (2005) 3 sets  23 5.6 ± 2.3 8.2 ± 3.3 46.4  23 5.7 ± 2.8 8.0 ± 2.2 40.4   -0.11 (0.30) -0.76 to 0.40 0.72 
Pareja-Blanco et al. (2014) 10 89.2 ± 15.9 105.2 ± 18.0 17.9  11 94.8 ± 17.0 104.0 ± 17.0 9.7   0.39 (0.44) -0.48 to 1.25 0.38 
Pereira et al. (2007) BP  6 40.1 ± 17.4 46.4 ± 19.3 15.7  8 53.2 ± 25.2 60.6 ± 25.8 13.9   0.05 (0.54) -0.94 to 1.18 0.93 
Pereira et al. (2007) SQ  6 98.4 ± 26.0 118.1 ± 26.5 20.0  8 100.9 ± 37.6 124.6 ± 35.8 23.5   0.12 (0.54) -1.01 to 1.11 0.82 
Usui et al. (2016) c  7 104.3 ± 18.5 106.5 ± 14.1 2.1  9 118.5 ± 27.2 129.3 ± 30.4 9.1   -0.35 (0.51) -1.34 to 0.65 0.49 
Watanabe et al. (2014) 9 56.7 ± 10.9 67.2 ± 13.8 18.5  9 59.6 ± 14.2 70.7 ± 14.8 18.6   0.04 (0.47) -0.88 to 0.97 0.93 
Watanabe et al. (2013) KE d  17 47.7 ± 13.5 51.3 ± 14.2 7.5  18 47.9 ± 11.2 51.7 ± 12.2 7.9   -0.02 (0.34) -0.73 to 0.59 0.96 
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Table 4.4 continued The effects of fast vs. moderate-slow resistance training programs on muscular strength. 
Study 
 
Fast 
 
Moderate-slow 
 Std diff in 
mean: effect size 
(SE) 
95% CI  p-Value 
n 
Pre-training 
[kg]a 
Post-training 
[kg] a 
Change 
[%]b  
 n 
Pre-training 
[kg] a 
Post-training 
[kg] a 
Change 
[%]c 
 
 
   
Watanabe et al. (2013) KF d 17 43.7 ± 11.3 51.2 ± 12.3 17.2  18 42.9 ± 9.6 51.2 ± 10.9 19.3   -0.07 (0.34) -0.68 to 0.65 0.84 
Young et al. (1993) 8 174.5 ± 24.2 209.3 ± 24.9 19.9  10 166.3 ± 22.3 202.9 ± 23.4 22.0   -0.07 (0.47) -1.00 to 0.86 0.88 
Mean effect, total - - - 21.8  - - - 20.8   0.07 (0.10) # -0.13 to 0.27 # 0.48 # 
a Pre- and post-training values are presented as mean ± SD. 
b Calculated as post-training value minus pre-training value, divided by pre-training value, multiplied by 100. 
c Data extracted from graph. 
d Effect sizes were combined for analysis. 
e Strength values converted from Newtons 
f Values based on combined analysis. 
% percentage, BP bench press, CI confidence interval, CP chest press, DP dumbbell pull KE knee extension, KF knee flexion, kg kilograms, LP leg press, n number, , 
SD standard deviation SE standard error of the mean, Std Diff standard difference SQ Squat. 
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 1 
 2 
Figure 4.2 Forest plot of the results of the meta-analysis. 3 
The open squares and error bars signify the standardized difference (Std diff) values in the means respectively. The open diamond represents the 4 
pooled effect sizes.  5 
df degrees of freedom.  6 
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 1 
 2 
Figure 4.3 Funnel plot of standard error to effect size  3 
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Discussion 1 
To the authors’ knowledge, this is the first systematic review and meta-analysis to investigate 2 
whether movement velocity during resistance training affects dynamic muscular strength 3 
development. The data show that similar increases in dynamic muscular strength are achieved 4 
with fast compared to moderate-slow training. However, a trend for a small effect favouring 5 
fast training on dynamic muscular strength was found when moderate loads (60-79 % 1RM) 6 
were used. Dynamic muscular strength gain between conditions was not influenced by training 7 
status and age. Studies were methodologically sound with no publication bias and were shown 8 
to have examined the same effect.  9 
 10 
Combined Studies 11 
The findings from our meta-analysis of combined studies showed no differences in dynamic 12 
muscular strength gains between fast training and moderate-slow resistance training. The speed 13 
at which a resistance exercise should be performed to maximise dynamic muscular strength has 14 
been the subject of debate for decades. Traditionally, performing resistance exercise with fast 15 
movement velocities is associated with power training (Hay et al., 1983), while for individuals 16 
targeting dynamic muscular strength and hypertrophy purposefully slower movement velocities 17 
are encouraged (Westcott et al., 2001). Arguments for performing repetitions with slower 18 
movement velocities include reducing momentum, prolonging muscle tension and accentuation 19 
of other factors implicated in muscular development. Slow-training was largely popularized by 20 
Nautilus founder Arthur Jones (Sipila & Suominen, 1995) who argued that slow and controlled 21 
cadences (repetitions performed at ~ 4:2 s) are superior to fast training speeds. However, faster 22 
training has the potential to offer individuals greater overall improvement of muscle function 23 
capabilities as faster compared to slower movement velocity is shown to enhance muscle power 24 
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(Fielding et al., 2002; Jones et al., 1999; Young & Bilby, 1993) and rate of force development 1 
(Behm & Sale, 1993a; Young & Bilby, 1993).  2 
Improvements in dynamic muscular strength following resistance training are related to 3 
morphological and neurological adaptations (Folland & Williams, 2007). The principal 4 
morphological adaptation is an increase in muscle fibre cross-sectional area due to increased 5 
size and number of myofibrils (Wang, Hikida, Staron, & Simoneau, 1993). In comparison, the 6 
main neurological adaptation is an increase in muscle activation as a result of greater motor 7 
unit recruitment and/or firing frequency (Duchateau et al., 2006). Despite similar increases in 8 
dynamic muscular strength found for fast versus moderate-slow velocity conditions, it is 9 
possible that dynamic muscular strength development from these training practices resulted 10 
through different mechanisms. While faster training is thought to provide a better stimulus for 11 
neural adaptations that would lead to greater strength, slower training has been shown to 12 
increase metabolic stress and muscle tension which are thought to be important factors 13 
implicated in the promotion of muscular hypertrophy (Burd et al., 2012; Kubo, Kanehisa, & 14 
Fukunaga, 2002). Only four studies included in this review reporting changes in site-specific 15 
muscular hypertrophy used appropriate imaging modalities (Assis-Pereira et al., 2016; 16 
Watanabe et al., 2014; Watanabe et al., 2013; Young & Bilby, 1993). The mean change in 17 
muscle hypertrophy across these studies favoured moderate-slow compared to fast training 18 
(6.2% versus 2.8% respectively), which provides some support for the conclusion that 19 
improvements in dynamic muscular strength for each condition may have resulted through 20 
different mechanisms.  21 
Even though fast and moderate-slow movements were defined as <1:1 s versus >2:2 s, it is 22 
important to note that large variations in the velocities may have occurred throughout the range 23 
of motion (ROM). At the beginning of the concentric phase of an isotonic exercise the 24 
movement velocity is likely to be lower due to increased inertia compared to higher movement 25 
Chapter 4: Movement Velocity Systematic Review and Meta-Analysis 
86 
velocities at the end of ROM due to decreased inertia. This would be opposite for elastic band 1 
training with higher movement velocities during the initial phase of a concentric contraction 2 
due to the slack of the band and increased band tension reducing velocity at the end of ROM 3 
(Behm, 1991).  4 
 5 
Intensity  6 
The results of this review showed that fast compared to moderate-slow training performed at a 7 
moderate intensity (60 - 79 % 1RM) demonstrated a trend for greater increases in dynamic 8 
muscular strength (by 1.2%). Therefore, it appears that the ability to perform repetitions at high 9 
movement velocities may influence dynamic muscular strength adaptations, providing a 10 
sufficient load is used. The force-velocity relationship shows that as the velocity of movement 11 
increases, muscular force production decreases, due to fewer muscle cross-bridges formed to 12 
develop force (Crewther, Cronin, & Keogh, 2005). This physiological phenomena led to the 13 
creation of the Super Slow® exercise protocol (repetitions performed at 10:4 s) (Hutchins, 14 
1992). It is proposed that lifting loads quickly results in lower muscular force and thus 15 
diminishes the training effect (Crewther et al., 2005). However, it has been shown that 16 
attempting to drastically reduce movement velocity subsequently reduces muscle force 17 
production (Grimby et al., 1981; Schilling, Falvo, & Chiu, 2008), which is an important factor 18 
that influences dynamic muscular strength development.  19 
To date, two studies have examined the effects of Super Slow® training compared to training 20 
using faster movement velocities on dynamic muscular strength; with mixed results found 21 
(Keeler et al., 2001; Westcott et al., 2001). It should be noted that when performing resistance 22 
exercises with slow movement velocities, the relative loads used are generally low (≤ 50% 23 
1RM). However, heavier loads (80 - 100 % 1RM) are required to provide the necessary 24 
mechanical stimuli to optimise gains in dynamic muscular strength (Freund, 1983; Ratamess et 25 
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al., 2009). This may explain the similar dynamic muscular strength gains found for fast 1 
compared to moderate-slow training performed at low intensities (< 60 % 1RM). Higher (~ 2 
80% 1RM) compared to lower (≤ 50% 1RM) intensities for power training have been shown to 3 
result in superior strength gains (De Vos et al., 2008; Hay et al., 1983; Tanimoto & Ishii, 2006). 4 
However, the ability to perform fast movement velocities is impaired as the relative intensity 5 
increases, therefore, it becomes increasingly difficult to make a clear distinction between fast 6 
and slower movement velocities. The studies included in our review that used high intensities 7 
(≥ 80 % 1RM) for fast compared to moderate-slow training all performed sets to concentric 8 
failure. As these participants approached failure it is likely that movement velocity would 9 
unintentionally decline (Almåsbakk & Hoff, 1996), and movement velocities for the final 10 
repetitions of a set would become similar in both fast and slow conditions (Behm, 1991; 11 
Blazevich & Jenkins, 2002). Therefore, it was not surprising that dynamic muscular strength 12 
gains did not differ between fast and moderate-slow training performed at high intensities (≥ 80 13 
% 1RM).  14 
It should be noted that five of the seven studies that performed resistance training at a moderate 15 
intensity, also performed each repetition of each set as fast as possible (i.e. high movement 16 
intention). Behm and Sale (Behm & Sale, 1993a) showed that high-velocity and low-velocity 17 
movements (in this case, isometric contractions) produced a similar increase in high-velocity 18 
muscular strength when the intention to move against the external resistance was as fast as 19 
possible. Therefore, this implies that the intention to move as fast possible may be the principal 20 
stimulus that leads to muscular strength development following resistance training. Further 21 
research is required to confirm whether resistance training performed with high movement 22 
intention leads to greater increases in dynamic muscular strength. 23 
 24 
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Training Status and Age 1 
During the first weeks of resistance training, neurological adaptations are thought to be 2 
responsible for the rapid increases in dynamic muscular strength, while long-term 3 
improvements are likely attributed to muscular hypertrophy (Moritani & DeVries, 1979). It is 4 
conceivable that faster movement velocities (due to the neurological adaptations) would lead to 5 
greater increases in initial dynamic muscular strength gains in the untrained. However, despite 6 
the results of our review showing a small effect favouring fast training for untrained 7 
participants, it failed to reach statistical significance (p = 0.19). The finding of no significant 8 
effect for fast versus moderate-slow training on dynamic muscular strength in trained 9 
participants supports the ACSM recommendation that experienced trainers should use a wide 10 
range of movement velocities (Ratamess et al., 2009). As resistance training experience 11 
increases, the rate of dynamic muscular strength improvement decreases, which is a training 12 
principle referred to as the “law of diminishing returns” (Reeves, Maganaris, & Narici, 2003). 13 
Therefore, acute training variables such as movement velocity should be altered over time (i.e. 14 
periodization) to enable training gains to be optimized and reduce the risk of a training program 15 
losing its efficacy. 16 
Our results showed that participant age did not influence the dynamic muscular strength gains 17 
between fast and moderate-slow training. Even though loss of dynamic muscular strength 18 
occurs with aging, the capacity to improve strength is not impaired, as is evident from our 19 
findings. While there are studies that have shown similar increases in muscle strength for older 20 
(> 55 years) compared to younger (< 40 years) individuals following resistance training (Mero 21 
et al., 2013; Welle, Totterman, & Thornton, 1996), other studies have found strength gains to 22 
be higher in older (Duchateau & Enoka, 2011) and younger (Desmedt & Godaux, 1977; Sale, 23 
1987) adults. However, it does appear that dynamic muscular strength improvements for older 24 
adults are due more to neural adaptations compared to younger adults (Kosek, Kim, Petrella, 25 
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Cross, & Bamman, 2006). It was therefore interesting that faster compared to moderate-slow 1 
training did not lead to greater gains in dynamic muscular strength for older adults.   2 
 3 
Methodological Quality 4 
The mean quality of studies was rated as good based on the Downs and Black quality 5 
assessment scores (Downs & Black, 1998). Across the 15 studies that were included in the 6 
review process, 17 out of 29 items were fully met. The criteria for four items were met by the 7 
majority of studies (i.e. ≥ eight studies) whilst the criteria for six items were met by a minority 8 
of studies. A further three items were not met by any study. Two of the three criteria not met by 9 
any study were concerned with blinding (1) participants; and (2) assessors of main outcomes to 10 
the training programs. Although the methodological quality of the studies included in this 11 
review would have been improved if blinding had occurred, blinding of participants to 12 
particular exercise interventions is not possible. The last item not met by any study was 13 
concerned with the concealment of the randomization assignment to interventions. Studies that 14 
do not meet this item increase the risk of participants being selected into a more or less 15 
appropriate group, known as selection bias. Despite there being insufficient information 16 
provided from some studies to accurately rate all items, there is a good possibility that the 17 
methodological quality of studies was underestimated. This suggests that there would be a 18 
lower risk that internal validity (bias and confounding) influenced the overall results. 19 
 20 
Strengths and Limitations 21 
Our review was strengthened by the use of a systematic search, precise eligibility criteria and 22 
meticulous data extraction and quality assessment procedures. A meta-analytical approach was 23 
used to overcome the concern that studies may have had small sample sizes that provide 24 
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insufficient power to detect significant differences between the two training conditions. Sub-1 
group analyses were used to allow other aspects of training, such as intensity, age and training 2 
experience, to be examined as potential confounders. 3 
There are several limitations that should be taken into account when interpreting the findings of 4 
this review. Firstly, acute programming variables such as intensity (i.e. loading) and movement 5 
velocity varied between each study. Even though we attempted to address this issue through 6 
sub-group analyses, it is possible that these influenced the results. Secondly, the training status 7 
of participants varied considerably with a wide spectrum being included in the analysis. Some 8 
studies included participants who were elderly with little training experience whilst other 9 
studies included participants who were highly trained and used resistance training as part of 10 
their practices for a particular sport. Therefore, it is difficult to generalise findings to athletes, 11 
the elderly or recreationally trained individuals specifically. Thirdly, over half the studies had 12 
interventions lasting between 6-8 weeks which is considered the minimum amount of time  13 
required to detect a significant change in dynamic muscular strength following resistance 14 
training (Folland & Williams, 2007). It is therefore possible that results may have differed for 15 
faster versus moderate-slow training if the majority of studies used interventions of a longer 16 
duration (e.g. ≥ 12 weeks). Fourthly, five of the 15 included studies measured strength with 17 
multiple movements which is problematic when analysing the extracted data statistically. If 18 
both movements are included in the analysis, the meta-analysis software will assign more 19 
weight to the studies with multiple movements and therefore creates an improper estimate of 20 
the summary effect. We counteracted this issue by combining the summary effects and 21 
calculating an individual variance of the affected studies (described in section 2.5). Lastly, the 22 
difference between fast (≤1:≤1 s) and moderate-slow (>1:>1 s) movement velocities may not 23 
have been large enough to detect meaningful differences in dynamic muscular strength. 24 
 25 
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Future Directions and Practical Applications 1 
While the total number of studies included in this review was relatively similar to other 2 
systematic reviews investigating dynamic muscular strength (Davies, Orr, Halaki, & Hackett, 3 
2016; Schoenfeld, Ogborn, & Krieger, 2015), there was a lack of studies representing particular 4 
population groups (such as elderly, recreationally trained and athletic populations). 5 
Specifically, only a small number of studies included highly trained participants who 6 
commonly use advanced resistance training methodologies in an attempt to optimise dynamic 7 
muscular strength. Therefore, future studies should be directed towards investigating the short- 8 
and long-term effects of fast compared to moderate-slow movement velocity resistance training 9 
on dynamic muscular strength in resistance trained populations. This review only measured 10 
velocity and strength in a dynamic manner, therefore the results of the current study only apply 11 
to dynamic strength testing and future studies will need to confirm if these results are similar 12 
when muscular strength is measured isometrically and isokinetically. 13 
It appears that performing resistance exercises with fast and moderate-slow movement 14 
velocities at various intensities is equally efficacious for individuals targeting dynamic 15 
muscular strength. However, for novice lifters, it is important that faster movements are not 16 
performed at the expense of utilizing safe and appropriate lifting to ensure injury risk is 17 
reduced as well as providing a sufficient training stimulus. For the elderly, performing 18 
resistance training with fast or explosive movements would not only lead to increases in 19 
dynamic muscular strength, but also the development of muscular power. An improvement in 20 
muscular power is particularly important for the elderly to improve balance, prevent falls and 21 
increase functionality (e.g. positively affecting activities of daily living) (Orr et al., 2006). 22 
Finally, advanced resistance trainers and athletes seeking to optimise dynamic muscular 23 
strength adaptation as part of their overall training should consider manipulating movement 24 
velocities throughout a periodized training plan. This may help advanced resistance trainers and 25 
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athletes break through dynamic muscular strength plateaus. Training with faster movement 1 
velocities (i.e. explosive strength or muscular power) may benefit sports performance (Jones et 2 
al., 1999; Kawamori & Newton, 2006; Liow & Hopkins, 2003) while training with a wide-3 
range of velocities may be effective in the development of muscular hypertrophy which is 4 
commonly targeted in off-season resistance training programs (Schoenfeld, Ogborn, et al., 5 
2015). 6 
 7 
Conclusion 8 
The results of this systematic review and meta-analysis show that similar increases in dynamic 9 
muscular strength can occur when using either a fast or moderate-slow movement velocity 10 
when all intensities are combined and irrespective of age and training status. However, if 11 
moderate intensities are used, there is a trend for increased strength gains when using faster 12 
movement velocities. This information is important to resistance trainers of all ages and 13 
training statuses. 14 
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 6 
Preface 7 
The preceding two chapters demonstrated that the presence of muscular fatigue and velocity 8 
independently do not influence subsequent gain in muscular strength following short-term 9 
training interventions. Moreover, little evidence was brought to light on any differences when 10 
high loads were used during training. A training method which manipulates both variables are 11 
known collectively as cluster-set structures. Acutely, there is a wealth of evidence suggesting 12 
that cluster-set structures enable greater maintenance of velocity and power output while 13 
reducing experienced muscular fatigue that are seen in traditional-set structures. However, 14 
when muscular strength, velocity and power output are examined over an intervention period, 15 
there are conflicting results with an absence of data utilizing high loads during training. 16 
Therefore, this chapter presents the findings of high-load cluster- and traditional-set structures 17 
on the development of muscular strength along with velocity and power output across a 18 
spectrum of loads. 19 
  20 
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Abstract 1 
This study investigated the effects of high-load cluster versus traditional-set structures using the 2 
bench press on velocity, power and muscular strength. Twenty-one resistance-trained 3 
individuals (male = 12, female = 9) performed a 3-week familiarization block followed by 4 
randomization into one of two upper- and lower-body split training routines performed for 5 
eight weeks. The bench press was the only exercise manipulated with subjects using either 6 
cluster-set (CLUS, n = 11) or traditional-set (TRAD, n = 10) structures during training sessions. 7 
Subjects performed four sets of five repetitions at 85% 1RM (one-repetition maximum) with 8 
CLUS having a 30-second inter-repetition, and 3-minute inter-set rest while TRAD had a 5-9 
minute inter-set rest. A load-velocity profile of relative loads derived from a 1RM test was used 10 
to assess velocity and power (absolute and relative to body mass) on the bench press. 11 
Significant improvements over time were found across various loads ranging from 45-75% 12 
1RM for absolute and relative peak power (p = 0.006 – 0.041), and mean power (p = 0.001 – 13 
0.032). Significant decreases over time were found at 55% 1RM and 65% 1RM for peak 14 
velocity (p = 0.027 and p = 0.012, respectively) and mean velocity (p = 0.047 and p = 0.022, 15 
respectively). There were no significant group or group x time interactions found for all 16 
outcomes. Within the context of high-load resistance training, set-structure seems to be of less 17 
importance for changes in bench press velocity and power provided there is an intention to lift 18 
with maximal concentric velocity.  19 
 20 
Introduction 21 
Muscular power is the rate of performing work or the product of the applied force on an object 22 
and the velocity at which that object is moved in the same direction as the force. Success in 23 
sports that involve jumping, sprinting and throwing is associated with the ability to generate 24 
higher muscular power outputs (Izquierdo, Häkkinen, Gonzalez-Badillo, Ibáñez, & Gorostiaga, 25 
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2002). Also, the capacity to generate muscular power is of great importance for other 1 
populations, such as the elderly, due to its role in enhancing physical function and performance 2 
of activities of daily living (Orr et al., 2006). Muscular power can be developed through 3 
resistance training using a wide range of loads, repetitions, sets, rest periods and exercises 4 
(Cormie et al., 2011b). During training sessions targeting muscular power, there is an emphasis 5 
on lifting loads explosively which has been shown to be a vital stimulus to optimize the 6 
capacity to generate muscular power and elicit necessary neuromuscular adaptations (Behm & 7 
Sale, 1993a). Many studies have shown that the actual movement velocity utilized during 8 
repetitions may influence the development of muscular power (Häkkinen, Komi, & Alen, 1985; 9 
Kaneko et al., 1983; McBride et al., 2002). However, a limited number of studies have found 10 
that the intention to lift explosively, despite fast actual movement velocities not being achieved, 11 
may be the essential stimulus for the development of muscular power (Behm & Sale, 1993a; 12 
Fielding et al., 2002). Thus, it appears that fast actual movement velocities and the intention to 13 
lift explosively are both critical stimuli in optimizing adaptations to enhance muscular power 14 
output. 15 
During traditional resistance training, fatigue will accumulate and gradually reduce the actual 16 
movement velocity throughout a set, thus decreasing muscular power output, until momentary 17 
muscular failure occurs (Iglesias-Soler et al., 2012). This fatigue-induced reduction in 18 
movement velocity during traditional sets may reduce the effectiveness of the training stimulus 19 
when targeting muscular power. Also, muscular strength, a significant contributor to muscular 20 
power output (Cormie, McGuigan, & Newton, 2010; Stone et al., 2003), has been shown to be 21 
optimally developed with the use of heavy loads (≥ 80% one-repetition maximum, 1RM) 22 
(Schoenfeld, Grgic, Ogborn, & Krieger, 2017). Therefore, manipulation of training variables to 23 
produce higher actual movement velocities, when using such loads, may be advantageous for 24 
the development of muscular power. One strategy to maintain a high actual movement velocity 25 
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throughout a set is known as a cluster-set structure, which incorporates pre-planned rest periods 1 
within sets (Haff, Hobbs, et al., 2008). Acute studies have shown that this unique set-structure 2 
allows the lifter to maintain or possibly increase movement velocity and muscular power 3 
compared to traditional-set structures across sets (Iglesias-Soler et al., 2012; Tufano et al., 4 
2016). The superior kinematic responses within cluster-set structures, attributable to the 5 
frequent rest periods within an individual set, may allow for optimization of movement velocity 6 
and improved muscular power adaptations (Tufano et al., 2016). 7 
Despite this logical inference, very few studies have directly investigated the effect of 8 
resistance exercise set-structure on the change in movement velocity and power output, 9 
particularly following upper-body resistance training (Lawton et al., 2004; Oliver et al., 2013). 10 
Lawton et al. (2004) found that cluster- and traditional-set structures resulted in similar 11 
improvements in muscular power output in the bench throw exercise following six weeks of 12 
moderate-load bench press training in youth athletes. In contrast, Oliver et al. (2013) showed 13 
that muscular power was enhanced to a greater degree through the use of a cluster-set structure 14 
compared to a traditional-set structure following moderate-intensity high volume bench press 15 
training in military personnel. Neither study assessed changes in movement velocity following 16 
the intervention. Currently, there is no consensus on whether cluster- or traditional-set 17 
structures are superior for the development of upper-body movement velocity and muscular 18 
power and there is a lack of data investigating the effects when using high loads. The 19 
inconsistency may be the result of variance in methodological procedures such as which acute 20 
training variables are manipulated (e.g., load, repetitions per set and exercises performed), 21 
intervention duration and assessment protocol. 22 
The aim of this study was to compare the effects of cluster- and traditional-set structures on 23 
bench press movement velocity and muscular power output following high-load resistance 24 
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training. It was hypothesized that the cluster-set structure would lead to superior increases in 1 
bench press movement velocity and power output compared to the traditional-set structure. 2 
  3 
Methods 4 
Experimental approach to the problem 5 
A randomized comparative design was used with testing occurring pre- and post-intervention. 6 
Confounding variables known to influence the improvement in muscular strength, power and 7 
barbell velocity such as volume, load and exercise order were all controlled between groups. 8 
Subjects were required to maintain habitual physical activity and nutritional intake while 9 
participating in the study. Following baseline testing, all subjects completed the same three-10 
week familiarization phase to standardize prior resistance training experience. Subjects were 11 
then randomized into one of two intervention groups CLUS and TRAD. The intervention 12 
period consisted of an eight-week full-body resistance training program consisting of an upper- 13 
and lower-body split routine. Both groups followed identical programs apart from bench press 14 
in each upper body session which differed in set-structure. CLUS performed four sets of five 15 
repetitions at 85% 1RM with 30 seconds of inter-repetition rest and three minutes of inter-set 16 
rest (i.e., the accumulation of single-repetitions within a set). TRAD performed the same bench 17 
press prescription, although there was no inter-repetition rest period (i.e., continuous repetitions 18 
within each set) and five minutes of inter-set rest. Post-testing occurred ≥ 48 hours after the 19 
completion of the intervention period.  20 
 21 
Subjects 22 
Twenty-two resistance-trained individuals, (nine female, and 13 male), volunteered to 23 
participate in the study. Immediately after pre-testing, one male subject withdrew from the 24 
study due to a pre-existing shoulder injury. As the subject did not begin training, he was 25 
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excluded from the analysis procedures. Therefore, 21 individuals completed all testing and 1 
training procedures. All subjects were regularly participating in resistance training consisting of 2 
the bench press immediately prior to the study. Each subject was risk stratified and deemed to 3 
be healthy to participate in the study. Subjects were excluded if they declared using 4 
performance-enhancing substances (e.g., anabolic steroids) in the past 12 months. According to 5 
the Cooper Institute normative data (Cooper Institute, 2007), relative bench press strength 6 
levels of subjects indicated that male subjects were of ‘fair’ strength while females were of 7 
‘poor’ strength (relative bench press strength (kg per kg of body mass): males = 1.07 ± 0.15; 8 
females = 0.58 ± 0.12).  Subjects were randomly allocated to either CLUS (n = 11; males: n = 9 
7, females: n = 4; age: 26.10 ± 7.10 y; training age: 3.78 ± 3.64 y; body mass: 74.24 ± 9.99 kg; 10 
bench press 1RM: 66.59 ± 23.16 kg) or TRAD (n = 10; males: n = 5, females: n = 5; age: 24.59 11 
± 6.90 y; training age: 5.10 ± 7.72 y; body mass: 75.57 ± 9.73 kg; bench press 1RM: 64.00 ± 12 
29.28 kg). Subjects were informed of the study purposes, procedures provided, and all potential 13 
risks before consent. Written informed consent was given by all subjects before commencing 14 
the study, which was approved by the University Human Research Ethics Committee (Project 15 
Number: 2016/018). 16 
 17 
Procedures 18 
Familiarization and Resistance Training Intervention 19 
The three-week familiarization period was completed by all subjects and involved two upper-20 
body sessions and one lower-body session per week of the same resistance training program 21 
amounting to a total of nine sessions. Following randomization, subjects completed two upper-22 
body sessions and one lower-body session per week for four weeks (i.e., 12 training sessions 23 
for the first four weeks). For the final four weeks of the intervention, subjects completed two 24 
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upper-body and two lower-body sessions per week, (i.e., 16 training sessions for the second 1 
four weeks). Specific details of the exercise prescription are presented in Table 5.1.  2 
Before each upper-body training and testing session, subjects performed a general warm-up of 3 
the shoulder rotator cuff muscles and upper back musculature which included band-resisted 4 
shoulder external rotations and rear-delt flyes. Following the general warm-up, subjects 5 
performed a specific warm-up using the bench press with five repetitions at approximately 50% 6 
of the subjects’ targeted training load followed by another five repetitions at 75% of the 7 
subjects’ targeted training load. During all repetitions of the bench press, subjects were 8 
encouraged to perform the eccentric phase in a controlled manner (~1-2 seconds) and the 9 
concentric phase with maximal concentric velocity. A 1RM bench press (procedures described 10 
below) was performed on a fortnightly basis to ensure the training load was maintained 11 
throughout the intervention period (before the first session of that week). Following the final 12 
1RM attempt, subjects were given 10 minutes of rest to allow adequate recovery of the central 13 
nervous system before the first set commenced (Latella, Hendy, Pearce, VanderWesthuizen, & 14 
Teo, 2016). All training sessions were directly supervised by an accredited and experienced 15 
Powerlifting coach affiliated with Powerlifting Australia to ensure each subject adhered to the 16 
training prescription and performed all exercises safely. Subjects were instructed not to perform 17 
any other resistance training while enrolled in the study. 18 
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Table 5.1 Resistance training protocol. 1 
Upper-Body  Lower-Body 
Familiarization Exercise 
Prescription (sets, repetitions, 
intensity) 
 
Exercise 
Prescription (sets, repetitions, 
intensity) 
 Barbell Bench Press 3 x 8 at 70-75% 1RM Leg Press 3 x 10-15RM 
 
Isometric Arm Hold on Chair 3 x 20 – 30 sec hold Dumbbell Split Squat 3 x 10-15RM 
Barbell Row 3 x 8-12RM Machine Hamstring Curl 3 x 10-15RM 
Front Raise 3 x 8-12RM Machine Calf Raise 3 x 10-15RM 
Dumbbell Lying Triceps Pushdown 3 x 8-12RM Glute Bridge 3 x 10-15RM 
 Dumbbell Rear Delt-Fly 3 x 15RM Curl-Up 3 x 10-15RM 
First 4 Weeks Exercise 
Prescription (sets, repetitions, 
intensity) 
Exercise 
Prescription (sets, repetitions, 
intensity) 
 
Barbell Bench Press 4 x 5 at 85% 1RM* Dumbbell Goblet Squat 3 x 8-15RM 
Barbell Bench Press Hold 3 x 20-35 sec holds at 120% 1RM Barbell Romanian Deadlift 3 x 8-15RM 
Underhand Barbell Row 3 x 8-12RM Dumbbell Bulgarian Split Squat 3 x 8-15RM 
Barbell Military Press 3 x 8-12RM Calf Raise on Leg Press 3 x 8-15RM 
EZ Barbell Lying Triceps Extension 3 x 8-12RM Glute Bridge with Elastic Band 3 x 8-15RM 
Prone Dumbbell Rear Delt-Fly 3 x 15RM Feet-Up Curl-Up 3 x 8-15RM 
Second 4 Weeks Exercise 
Prescription (sets, repetitions, 
intensity) 
Session 1 Session 2 
Prescription (sets, 
repetitions, intensity) 
 
Barbell Bench Press 4 x 5 at 85% 1RM* Barbell Back Squat Barbell 
Deadlift 
3 x 8-15RM 
Barbell Bench Press Hold 3 x 20-35 sec holds at 120% 1RM Barbell Stiff-Leg Deadlift 3 x 8-15RM 
Barbell Pendlay Row 3 x 8-12RM Dumbbell Walking Lunge Barbell 
Good-
Morning 
3 x 8-15RM 
Seated Dumbbell Shoulder Press 3 x 8-12RM Machine Calf Raise 3 x 8-15RM 
Cable Triceps Pushdown 3 x 8-12RM Barbell Hip Thrust 3 x 8-15RM 
Prone Dumbbell Rear-Delt Fly 3 x 8-12RM 
Quadruped 
Clams 
3 x 8-15RM 
Side Plank 
*Either CLUS- or TRAD-set group. 
RM = repetition maximum;  
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Assessment of Upper-Body Muscular Strength 1 
Upper-body muscular strength was assessed with a 1RM bench press using a standard 20 kg 2 
barbell and weight plates (Iron Edge, Glen Iris, Victoria, Australia) according to a protocol 3 
recommended by the National Strength and Conditioning Association (Sheppard & Triplett, 4 
2016). In order for a lift to be deemed successful, the subjects’ head, shoulders and hips were 5 
required to remain in contact with the bench with the feet placed flat on the floor. The barbell 6 
had to contact the subjects’ chest (approximately at the upper sternum) during the descent with 7 
control to limit bouncing off the chest and to protect the thoracic cage from injury. Upon the 8 
ascent, the barbell was pressed until full arm’s length (full elbow lock-out). Subjects were 9 
encouraged to perform the ascent with maximum concentric velocity and were given strong 10 
verbal encouragement from the assessor. 11 
Following the upper-body general warm-up, subjects began their specific warm-up by 12 
performing 5 repetitions with the barbell, five repetitions at 50% 1RM, five repetitions at 70% 13 
1RM, one repetition at 80% 1RM and one repetition at 90% of estimated 1RM. Following the 14 
specific warm-up, attempts to ascertain the 1RM occurred in a progressive manner. After a 15 
successful 1RM attempt, the barbell load was progressively increased by a minimum of 2.5 kg 16 
with a minimum of three minutes of rest between attempts. The 1RM test was performed on 17 
two occasions at each time-point (pre- and post-intervention) for reliability purposes with a 18 
minimum of 48 hours of rest between sessions. The best result of the two trials was used for 19 
analysis.  20 
 21 
Assessment of Barbell Velocity and Power Output 22 
Barbell velocity and power output were assessed by a load-velocity profile on the bench press 23 
using a standard 20 kg barbell and weight plates. To calculate loads accurately, the 1RM test 24 
was employed at least 24 hours before the load-velocity profile. Velocity and power (peak and 25 
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mean) were calculated using the GymAware linear position transducer (Kinetic Performance 1 
Technology, Mitchell, Australian Capital Territory, Australia) previously validated with the 2 
free-weight bench press (Dorrell, Moore, Smith, & Gee, 2019; Drinkwater, Galna, McKenna, 3 
Hunt, & Pyne, 2007). Average concentric velocity (m·s-1) was calculated by dividing the 4 
barbell displacement by the total time of the lift (i.e., initiation of a vertical displacement 5 
measurement until the cessation of movement). Peak velocity is an instantaneous value and was 6 
measured as the highest change in displacement within an individual sampling period. 7 
Concentric power (W) was measured by multiplying the force applied onto the barbell (i.e. 8 
barbell mass multiplied by the sum of acceleration of the barbell (second derivative of 9 
displacement with respect to time) and gravitational acceleration) by the velocity of the barbell 10 
during the lift. Peak power was measured as the highest power achieved in an individual 11 
sample period. Mean power was calculated as the sum of each power collected at each sample 12 
divided by the total number of samples acquired (GymAware, 2017). The load-velocity profile 13 
was performed using a protocol similar to that of (Gonzalez-Badillo & Sanchez-Medina, 2010) 14 
which consisted of six relative loads from 45 – 95% of the previously measured 1RM in 10% 15 
increments. Subjects were instructed to perform two trials at each relative load with the 16 
following rest intervals between trials; 30 seconds at 45% and 55% 1RM, one minute at 65% 17 
1RM, two minutes at 75% 1RM and three minutes at 85% 1RM and 95% 1RM, respectively. 18 
Rest intervals given between each relative load was as follows; one minute between 45% and 19 
55% 1RM, two minutes between 55% and 65% 1RM as well as 65% to 75% 1RM and three 20 
minutes between 75% and 85% 1RM as well as 85% and 95% 1RM, respectively. Following a 21 
general upper-body warm-up, a specific warm-up followed with one set at 20% 1RM for ten 22 
repetitions. If 20% 1RM was lower than the minimum barbell load (20 kg), subjects performed 23 
one set of push-ups which was modified based on the subject’s ability. The load-velocity 24 
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profile was performed with the same relative load in post-testing to control for the change in 1 
muscular strength. 2 
In addition, peak and mean velocity were used to assess muscular fatigue during due to 3 
the strong relationship between the ability to maintain velocity and neuromuscular fatigue 4 
(Sanchez-Medina & Gonzalez-Badillo, 2011). Velocity maintenance was assessed at the 5 
midpoint of the training program for all subjects. The ability to maintain barbell velocity within 6 
each set was calculated using an equation similar to that used by Tufano and colleagues 7 
(Tufano et al., 2016). Briefly, the maintenance equation takes into account every repetition 8 
performed rather than only the first and last repetitions which are used in traditional velocity 9 
loss calculations. This formula was adjusted to represent total deviation from the first repetition 10 
within a set and within a session. Therefore, a 100% maintenance indicates no deviation from 11 
the first repetition (i.e., total maintenance) while a value that is lower or higher than 100% 12 
indicates a negative (i.e., a decrease in velocity) or positive (i.e., an increase in velocity) 13 
deviation, respectively. The modified equations for velocity maintenance within sets and 14 
session are as follows: 15 
 16 
𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑡𝑜𝑡𝑎𝑙 (%) =  (
𝑀𝑒𝑎𝑛 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑠𝑒𝑠𝑠𝑖𝑜𝑛 −  𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑅𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 1
𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑅𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 1
) + 1 17 
Equation 1: Maintenance of barbell velocity across a full training session. 18 
 19 
𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑠𝑒𝑡 (%) =  (
𝑀𝑒𝑎𝑛 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑠𝑒𝑡 − 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑅𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 1
𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑅𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 1
) + 1 20 
Equation 2: Maintenance of barbell velocity within each set. 21 
 22 
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Statistical Analysis 1 
Baseline characteristics of all subjects were analyzed using independent t-tests. Primary effects 2 
of resistance training on power and velocity were analyzed using a 2 x 2 (group x time) 3 
repeated measures analysis of variance (ANOVA) with a post-hoc Bonferroni adjustment. 4 
Analysis of within-group changes from baseline in all outcomes were analyzed using paired t-5 
tests, while velocity maintenance within individual sets and the total session were assessed 6 
using an independent sample t-test.  All analyses were performed using SPSS (Version 20) 7 
software for Windows (SPSS, Chicago, Illinois, United States of America) and Excel (2016) 8 
software for Windows (Microsoft, Redmond, Washington State, United States of America). 9 
Reliability of the load-velocity profile was calculated using intraclass correlation coefficients 10 
(ICC) and the coefficient of variation (CV) with 95% confidence intervals for both analyses 11 
(Tufano et al., 2016). The results of the ICC were interpreted as; < 0.5 poor, 0.5 to 0.75 12 
moderate, > 0.75 to 0.9 good and > 0.9 excellent reliability (Koo & Li, 2016). CV scores that 13 
were < 5% were considered good reliability, 5 – 10% were considered moderate and > 10% 14 
were considered poor reliability (Atkinson & Nevill, 1998). Estimates of effect size (ES) were 15 
calculated using standardized differences in means (Cohen’s d, mean difference divided by 16 
pooled standard deviation) (Comprehensive Meta-Analysis, Biostat, Englewood, New Jersey, 17 
United States of America) for between-group effects. The independent groups ES was used for 18 
within-group effects as suggested by Morris and DeShon (Morris & DeShon, 2002). ES were 19 
interpreted in as; <0.3, 0.9, 1.6, 2.5 and >4.0 for trivial, small, moderate, large, very large and 20 
extremely large effects, respectively (Hopkins, Marshall, Batterham, & Hanin, 2009). For all 21 
analyses, an alpha level of significance was set at p < 0.05. 22 
 23 
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Results 1 
Both groups significantly increased absolute and relative muscular strength pre- to post-2 
intervention with CLUS increasing by 9.90 ± 3.60% (p < 0.001, ES = 1.94) and 8.55 ± 4.48% 3 
(p < 0.001, ES = 1.79) and the TRAD-set group increasing by 11.06 ± 7.65% (p < 0.001, ES = 4 
1.84) and 12.16% ± 7.07% (p < 0.001, ES = 1.43). There was a significant time effect for 5 
absolute and relative muscular strength (p < 0.001), however, no significant group (p = 0.968 6 
for absolute and relative muscular strength) or group by time interactions (p = 0.923 for 7 
absolute and p = 0.421 for relative muscular strength, respectively) were found. The ICC for 8 
the 1RM was 0.997 (excellent reliability) and the CV 1.15% (good reliability). A significant 9 
group by time interaction was found for body mass favoring the CLUS-set group (p = 0.025, 10 
ES = 0.11) with no significant time or group effect. The CLUS-set group significantly 11 
increased body mass by 1.26 ± 1.46% (p = 0.019, ES = 0.93) with no significant change for the 12 
TRAD-set group (p = 0.704. ES = -0.11). 13 
 14 
Peak Velocity and Power 15 
Results for peak velocity and absolute and relative peak power derived from load-velocity 16 
profiling are presented in Table 5.2, with ES data being presented in Table 5.3. Significant time 17 
effects were found for peak velocity at 55% 1RM (p = 0.027) and 65% 1RM (p = 0.012) with 18 
no significant group or group x time interactions found at any relative load. Significant time 19 
effects were found for absolute peak power at 45% 1RM (p = 0.041), 65% 1RM (p = 0.013) 20 
and 75% 1RM (p = 0.006). Significant time effects were also found for peak power relative to 21 
body mass at 65% 1RM (p = 0.022) and 75% 1RM (p = 0.009) with no significant group or 22 
group x time interactions being found for all peak power variables.  23 
Results for the reliability of peak velocity and power measurements at 45% to 95% 1RM are 24 
presented in Table 5.4. The ICC for peak velocity ranged from 0.816 to 0.935 (good to 25 
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excellent reliability) at 45% to 85% 1RM, whereas an ICC of 0.620 (moderate reliability) was 1 
found at 95% 1RM. The CV for peak velocity was ≤ 3.78% (good reliability) at 45% to 65% 2 
1RM, 5.54% (moderate reliability) at 75% 1RM, 8.57% (moderate reliability) at 85% 1RM, 3 
and 13.50% (poor reliability) at 95% 1RM. For peak power, the ICC ranged from 0.923 to 4 
0.989 (excellent reliability) at 45 to 85% 1RM, with an ICC of 0.778 (good reliability) at 95% 5 
1RM. The CV for peak power was ≤ 4.75% (good reliability) at 45% and 65% 1RM, 6.15% 6 
(moderate reliability) at both 55% and 75% 1RM, whereas CV was 11.30% (poor reliability) at 7 
95% 1RM. 8 
  9 
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Table 5.2 Changes in peak bench press power and velocity following the intervention period. 1 
 CLUS (n = 11) 
 
TRAD (n = 10)  ANOVA (p) 
 Pre Post p Pre Post p T G G x T 
45% 1RM         
Absolute (W) 562.25 ± 117.41 605.00 ± 145.03 0.027* 611.50 ± 187.04 635.17 ± 179.40 0.417 0.041*  0.640 0.523 
Relative (W/BM) 7.29 ± 1.31 7.72 ± 1.60 0.028* 7.77 ± 2.00 8.12 ± 1.88 0.392 0.055 0.628 0.818 
Velocity (m•s-1) 1.42 ± 0.13 1.40 ± 0.11 0.532 1.45 ± 0.09 1.41 ± 0.13 0.394 0.267 0.727 0.576 
55% 1RM         
Absolute (W) 555.30 ± 206.05 545.00 ± 162.18 0.761 469.00 ± 200.11 481.50 ± 225.80 0.058 0.452  0.501 0.211 
Relative (W/BM) 7.20 ± 2.30 7.03 ± 1.80 0.695 6.15 ± 2.18 6.31 ± 2.60 0.031* 0.452 0.484 0.161 
Velocity (m•s-1) 1.25 ± 0.15 1.18 ± 0.12 0.026* 1.17 ± 0.11 1.15 ± 0.12 0.498 0.027* 0.294 0.169 
65% 1RM         
Absolute (W) 474.36 ± 174.60 506.27 ± 189.74 0.071 440.70 ± 205.62 460.10 ± 210.96 0.063 0.013* 0.643 0.513 
Relative (W/BM) 6.27 ± 1.90 6.62 ± 2.02 0.101 5.77 ± 2.31 6.02 ± 2.40 0.090 0.022* 0.565 0.683 
Velocity (m•s-1) 1.04 ± 0.13 1.00 ± 0.14 0.256 1.00 ± 0.11 0.92 ± 0.12 0.015* 0.012* 0.259 0.389 
75% 1RM         
Absolute (W) 421.18 ± 149.06 453.55 ± 174.64 0.064 386.40 ± 185.17 418.10± 185.52 0.040* 0.006* 0.646 0.975 
Relative (W/BM) 5.59 ± 1.69 5.96 ± 1.97 0.089 5.06 ± 2.15 5.47 ± 2.09 0.052 0.009* 0.558 0.862 
Velocity (m•s-1) 0.83 ± 0.12 0.80 ± 0.14 0.315 0.78 ± 0.12 0.75 ± 0.09 0.367 0.171 0.316 0.861 
85% 1RM         
Absolute (W) 361.18 ± 133.71 382.18 ± 170.04 0.286 322.70 ± 142.43 346.00 ± 164.72 0.120 0.073 0.581 0.904 
Relative (W/BM) 4.82 ± 1.67 5.02 ± 2.02 0.430 4.23 ± 1.64 4.56 ± 1.91 0.098 0.101 0.508 0.684 
Velocity (m•s-1) 0.63 ± 0.13 0.60 ± 0.16 0.439 0.60 ± 0.12 0.57 ± 0.11 0.257 0.205  0.501 0.941 
95% 1RM         
Absolute (W) 306.73 ± 121.77 295.18 ± 122.22 0.598 232.00 ± 127.80 261.80 ± 121.34 0.301 0.599 0.303 0.240 
Relative (W/BM) 4.07 ± 1.52 3.94 ± 1.61 0.675 3.08 ± 1.54 3.44 ± 1.42 0.318 0.621 0.252 0.293 
Velocity (m•s-1) 0.48 ± 0.12 0.43 ± 0.15 0.242 0.42 ± 0.18 0.39 ± 0.09 0.495 0.190 0.333  0.784 
CLUS = cluster-set group, G x T = group by time interaction, G = group effect, m•s-1 = metres per second, Pre = pre-training/baseline testing; Post 
= post-training testing, TRAD = traditional-set group, T = time effect, W = Watts, W/BM = Watts per kilogram of body mass. 
Data presented as mean ± SD. 
* Significant main effect. 
Chapter 5: Effect of altering set-structure on bench press strength, power and velocity 
109 
Table 5.3. Effect sizes for the change in peak and mean velocity and power. 1 
 2 
 3 
 4 
 Within-Group ES  Between-Group ES 
 CLUS (n = 11) 
 
TRAD (n = 10)  
Peak Mean 
 Peak Mean Peak Mean  
 ES 95% CI of ES ES 95% CI of ES ES 95% CI of ES ES 95% CI of ES  ES 95% CI of ES ES 95% CI of ES 
45% 1RM              
Absolute (W) 1.42 0.32 – 2.52 1.60 0.48 – 2.73 0.36 -0.78 – 1.50 0.56 -0.60 – 1.71  0.17 -0.90 – 1.22 0.12 -0.95 – 1.17 
Relative (W/BM) 1.46 0.35 – 2.56 1.24 0.17 – 2.31 0.37 -0.77 – 1.51 0.54 -0.61 – 1.69  0.06 -1.01 – 1.11 0.07 -0.99 – 1.12 
Velocity (m•s-1) -0.46 -1.29 – 0.68 -0.19 -1.17 – 0.79  -0.47 -1.62 – 0.68 -0.40 -1.54 – 0.75  0.26 -0.82 – 1.31 0.10 -0.97 – 1.15 
55% 1RM     
 
         
Absolute (W) -0.10 -0.97 – 0.78 0.68 -0.18 – 1.54 0.84 -0.13 – 1.80 0.51 -0.43 – 1.45  -0.25 -1.14 – 0.67 -0.05 -0.93 – 0.83 
Relative (W/BM) -0.16 -0.72 – 1.04 0.50 -0.41 – 1.37 1.01 0.03 – 1.99 0.60 -0.35 – 1.54  -0.32 -1.21 – 0.60 -0.10 -0.98 – 0.78 
Velocity (m•s-1) -0.83 -1.74 – 0.09 -0.74 -1.64 – 0.17 -0.26 -1.19 – 0.67 -0.38 -1.27 – 0.50  -0.37 -1.26 – 0.56 -0.22 -1.11 – 0.69 
65% 1RM              
Absolute (W) 0.66 -0.20 – 1.52 0.81 -0.06 – 1.68 0.69 -0.22 – 1.59 0.38 -0.50 – 1.27  0.07 -0.79 – 0.92 0.07 -0.79 – 0.93 
Relative (W/BM) 0.57 -0.28 – 1.43 0.75 -0.11 – 1.62 0.63 -0.27 – 1.52 0.40 -0.49 – 1.28  0.05 -0.81 – 0.90 0.04 -0.81 – 0.90 
Velocity (m•s-1) -0.37 -1.21 – 0.48 -0.30 -1.14 – 0.54 -1.09 -2.03 – -0.15 -0.18 -1.06 – 0.70  0.41 -0.47 – 1.26 0.37 -0.50 – 1.22 
75% 1RM              
Absolute (W) 0.78 -0.09 – 1.65 1.20 0.29 – 2.11 0.76 -0.15 – 1.66 0.72 -0.18 – 1.63  0.00 -0.85 – 0.86 0.01 -0.84 – 0.87 
Relative (W/BM) 0.68 -0.18 – 1.54 1.10 0.06 – 1.82 0.69 -0.22 – 1.59 0.67 -0.23 – 1.57  -0.02 -0.88 – 0.84 -0.02 -0.87 – 0.84 
Velocity (m•s-1) -0.32 -1.16 – 0.52 -0.50 -1.34 – 0.35 -0.20 -1.08 – 0.68 -0.33 -1.21 – 0.55  -0.08 -0.93 – 0.78 0.00 -0.86 – 0.86 
85% 1RM              
Absolute (W) 0.47 -0.37 – 1.32 0.39 -0.45 – 1.24 0.68 -0.22 – 1.58 0.36 -0.52 – 1.25  -0.02 -0.88 – 0.84 0.05 -0.81 – 0.91 
Relative (W/BM) 0.30 -0.54 – 1.14 0.32 -0.52 – 1.16 0.71 -0.20 – 1.61 0.37 -0.52 – 1.25  -0.08 -0.93 – 0.78 0.02 -0.84 – 0.88 
Velocity (m•s-1) -0.25 -1.09 – 0.59 -0.41 -1.26 – 0.43 -0.32 -1.21 – 0.56 -0.76 -1.67 – 0.15  0.00 -0.86 – 0.86 0.31 -0.57 – 1.15 
95% 1RM              
Absolute (W) -0.17 -1.00 – 0.67 -0.14 -0.98 – 0.69 0.39 -0.54 – 1.32 0.38 -0.51 – 1.26  -0.33 -1.18 – 0.54 -0.34 -1.19 – 0.53 
Relative (W/BM) -0.13 -0.97 – 0.70 -0.10 -0.94 – 0.73 0.32 -0.61 – 1.25 0.41 -0.47 – 1.30  -0.32 -1.17 – 0.55 -0.35 -1.19 – 0.53 
Velocity (m•s-1) -0.38 -1.22 – 0.46 -0.18 -1.01 – 0.66 -0.16 -1.08 – 0.77 -0.19 -1.11 – 0.74  -0.13 -0.98 – 0.73 0.00 -0.86 – 0.86 
BM = body mass, CI = confidence interval, CLUS = Cluster-set group, ES = effect size, LM = lean mass, m•s-1 = meters per second, TRAD = traditional-set group, W = Watts, W/BM = Watts 
per kilogram of body mass, W/LM = Watts per kilogram of lean mass. 
Data are presented as mean ± SD. 
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Table 5.4. Reliability analyses of peak and mean velocity and power across the tested relative loads. 1 
 2 
 45% 1RM 55% 1RM 65% 1RM 75% 1RM 85% 1RM 95% 1RM 
Peak Velocity (m•s-1)       
Trial 1 1.39 ± 0.11 1.16 ± 0.14 0.99 ± 0.11 0.77 ± 0.12 0.59 ± 0.14 0.46 ± 0.11 
Trial 2 1.42 ± 0.12 1.19 ± 0.13 1.02 ± 0.12 0.79 ± 0.14 0.58 ± 0.13 0.46 ± 0.12 
ICC  
(95 CI) 
0.816 
(0.521 to 0.937) 
0.871 
(0.697 to 0.948) 
0.935 
(0.847 to 0.973) 
0.826 
(0.619 to 0.925) 
0.844 
(0.655 to 0.934) 
0.620 
(0.213 to 0.843) 
CV% 
(95 CI) 
3.16 
(2.05 to 4.26) 
3.78 
(2.67 to 4.90) 
2.87 
(2.04 to 3.70) 
5.54 
(3.07 to 7.80 
8.57 
(5.83 to 10.90) 
13.50  
(7.98 to 19.03) 
Peak Power (W)       
Trial 1 560.64 ± 135.21 490.63 ± 197.07 431.67 ± 171.90 386.29 ± 162.46 324.29 ± 129.55 275.47 ± 109.77 
Trial 2 569.79 ± 146.41 489.95 ± 175.86 457.38 ± 185.36 392.43 ± 165.37 323.38 ± 132.15 267.65 ± 114.29 
ICC 
(95 CI) 
0.954 
(0.863 to 0.985) 
0.923 
(0.813 to 0.970) 
0.989 
(0.972 to 0.995) 
0.970 
(0.928 to 0.988)  
0.937 
(0.851 to 0.974) 
0.778 
(0.487 to 0.914) 
CV% 
(95 CI) 
4.41 
(2.91 to 5.91) 
6.15 
(3.71 to 8.60) 
4.75 
(2.62 to 6.88) 
6.15 
(3.30 to 9.00) 
8.34 
(5.61 to 11.08) 
11.30 
(8.77 to 19.51) 
Mean Velocity (m•s-1)       
Trial 1 0.90 ± 0.10 0.79 ± 0.10 0.68 ± 0.07 0.54 ± 0.08 0.40 ± 0.10 0.25 ± 0.05 
Trial 2 0.93 ± 0.10 0.79 ± 0.09 0.70 ± 0.08 0.55 ± 0.08 0.40 ± 0.07 0.24 ± 0.10 
ICC  
(95 CI) 
0.905 
(0.730 to 0.968) 
0.791 
(0.535 to 0.914) 
0.904 
(0.780 to 0.960) 
0.762 
(0.501 to 0.896) 
0.499 
(0.097 to 0.761) 
0.614 
(0.205 to 0.841) 
CV% 
(95 CI) 
2.70 
(1.20 to 4.19) 
4.95 
(3.46 to 6.44) 
2.93 
(1.91 to 3.94) 
5.89 
(3.57 to 8.22) 
11.34 
(2.05 to 20.64) 
17.44 
(8.47 to 26.41) 
Mean Power (W)       
Trial 1 323.29 ± 81.25 292.47 ± 100.30 280.62 ± 108.89 258.48 ± 261.57 207.14 ± 88.87 146.82 ± 55.64 
Trial 2 335.50 ± 86.54 296.16 ± 110.44 288.29 ± 117.76 109.57 ± 106.90 211.05 ± 82.72 140.12 ± 68.78 
ICC  
(95 CI) 
0.972 
(0.915 to 0.991) 
0.967 
(0.916 to 0.987) 
0.988 
(0.971 to 0.995) 
0.980 
(0.951 to 0.992) 
0.842 
(0.651 to 0.933) 
0.761 
(0.455 to 0.906) 
CV% 
(95 CI) 
3.08 
(1.16 to 5.00) 
5.40 
(3.95 to 6.85) 
2.92 
(1.88 to 3.96) 
5.90 
(3.54 to 8.26) 
11.41 
(2.14 to 20.69) 
16.62 
(9.21 to 24.02) 
CI = confidence interval, CLUS = Cluster-set group, CV = coefficient of variation, ICC = intraclass correlation coefficient, kg = kilograms, LM = lean mass, m•s-1 = meters per 
second, TRAD = traditional-set group, W = Watts. 
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Mean Velocity and Power 1 
Results for mean velocity and absolute and relative mean power derived from load-velocity 2 
profiling are presented in Table 5.5 with ES data being presented in Table 5.3. Significant time 3 
effects were found for mean velocity at 55% 1RM (p = 0.047) and 65% 1RM (p = 0.022) with 4 
no group or group x time interactions being found across any relative load. Significant time 5 
effects were found for absolute mean power at 45% 1RM (p = 0.010), 55% 1RM (p = 0.032), 6 
65% 1RM (p = 0.025) and 75% 1RM (p = 0.001). Significant time effects were also found for 7 
relative mean power at 45% 1RM (p = 0.019), 55% 1RM (p = 0.030) and 75% 1RM (p = 8 
0.002). No group or group x time interactions for absolute and relative mean power were found 9 
at any relative load for all mean power variables.  10 
Results for the reliability of mean velocity and power measurements at 45 to 95% 1RM are 11 
presented in Table 5.4. The ICC for mean velocity ranged from 0.762 to 0.905 (good to 12 
excellent reliability) at 45% to 75% 1RM, 0.614 (moderate reliability) at 95% 1RM, and 0.499 13 
(poor reliability) at 85% 1RM. The CV for mean velocity was ≤ 4.95% (good reliability) at 14 
45% to 65% 1RM, 5.89% (moderate reliability) at 75% 1RM, and ≥ 11.34% (poor reliability) 15 
at 85% and 95% 1RM. For mean power, the ICC ranged from 0.761 to 0.988 (good to excellent 16 
reliability) at 45 to 95% 1RM. The CV for peak power was ≤ 3.08% (good reliability) at 45% 17 
and 65% 1RM, 5.40% and 5.90% (moderate reliability) at both 55% and 75% 1RM 18 
respectively, whereas CV was ≥ 11.41 (poor reliability) at 85% and 95% 1RM. 19 
 20 
 21 
  22 
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Table 5.5 Changes in mean bench press power and velocity following the intervention period. 1 
 CLUS (n = 11) (paired t-test)  TRAD (n = 10) (paired t-test)  ANOVA (p) 
 Pre Post p 
 
Pre Post p 
 
T G G x T 
45% 1RM         
Absolute (W)  324.50 ± 75.14 352.25 ± 89.26 0.013* 352.86 ± 97.94 370.67 ± 110.59 0.201 0.010* 0.647 0.484 
Relative (W/BM) 4.20 ± 0.87 4.49 ± 1.21 0.023* 4.47 ± 1.19 4.69 ± 1.24 0.258 0.019* 0.684 0.724 
Velocity (m•s-1) 0.92 ± 0.11 0.90 ± 0.09 0.493 0.95 ± 0.09 0.89 ± 0.12 0.372 0.225 0.618 0.628 
55% 1RM         
Absolute (W) 316.70 ± 95.60 331.60 ± 92.63 0.060 293.11 ± 128.26 313.67 ± 135.02 0.181 0.032* 0.692 0.713 
Relative (W/BM) 4.14 ± 1.10 4.30 ± 1.07 0.182 3.84 ± 1.40 3.94 ± 1.53 0.132 0.030* 0.403 0.234 
Velocity (m•s-1) 0.83 ± 0.10 0.79 ± 0.07 0.021* 0.80 ± 0.08 0.78 ± 0.11 0.527 0.047* 0.649 0.322 
65% 1RM         
Absolute (W) 298.55 ± 105.10 320.36 ± 117.99 0.044* 282.30 ± 134.53 295.20 ± 136.13 0.261 0.025* 0.703 0.540 
Relative (W/BM) 3.96 ± 1.15 4.20 ± 1.23 0.043* 3.68 ± 1.53 3.86 ± 1.55 0.254 0.054 0.393 0.560 
Velocity (m•s-1) 0.71 ± 0.08 0.69 ± 0.09 0.231 0.70 ± 0.08 0.65 ± 0.10 0.050 0.022* 0.436 0.485 
75% 1RM         
Absolute (W) 279.73 ± 96.03 300.09 ± 101.86 0.004* 257.50 ± 122.85 276.30 ± 123.97 0.050 0.001* 0.640 0.875 
Relative (W/BM) 3.71 ± 1.01 3.94 ± 1.04 0.005* 3.36 ± 1.41 3.61 ± 1.39 0.062 0.002* 0.522 0.868 
Velocity (m•s-1) 0.59 ± 0.06 0.57 ± 0.07 0.244 0.55 ± 0.09 0.53 ± 0.07 0.217 0.084 0.220 0.769 
85% 1RM         
Absolute (W) 234.73 ± 79.33 248.09 ± 99.32 0.328 211.00 ± 91.86 219.90 ± 105.00 0.361 0.186 0.527 0.786 
Relative (W/BM) 3.12 ± 0.86 3.26 ± 1.13 0.437 2.76 ± 1.04 2.88 ± 1.20 0.358 0.245 0.422 0.924 
Velocity (m•s-1) 0.44 ± 0.07 0.41 ± 0.10 0.422 0.42 ± 0.06 0.37 ± 0.08 0.075 0.067 0.333 0.497 
95% 1RM         
Absolute (W) 167.18 ± 70.10 160.64 ± 63.20 0.633 113.60 ± 62.84 130.00 ± 72.54 0.304 0.628 0.144 0.265 
Relative (W/BM) 2.21 ± 0.87 2.14 ± 0.85 0.742 1.50 ± 0.74 1.71 ± 0.87 0.331 0.640 0.107 0.354 
Velocity (m•s-1) 0.27 ± 0.09 0.25 ± 0.09 0.508 0.21 ± 0.09 0.20 ± 0.06 0.608 0.401 0.059 0.870 
CLUS = cluster-set group, G x T = group by time interaction, G = group effect, Pre = pre-training/baseline testing, m•s-1 = meters per second, Post; post-training testing, 
TRAD = traditional-set group, T = time effect, W = Watts, W/BM = Watts per kilogram of body mass. 
Data presented as mean ± SD. 
* Significant (< 0.05). 
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Maintenance of Barbell Velocity 1 
Results for barbell velocity maintenance within sets and session are presented in Figures 5.1 2 
and 5.2. Within individual sets, The CLUS-set group was superior compared to the TRAD-set 3 
group in mean velocity maintenance in set one (p = 0.002), two (p = 0.001) and four (p = 4 
0.037). The CLUS-set group was also superior in maintaining peak velocity compared to the 5 
TRAD-set group in set one only (p = 0.043) (Figure 5.1). The ability to maintain mean velocity 6 
throughout the session was greater for the CLUS-set group compared to the TRAD-set group (p 7 
= 0.015) while there was no significant difference in total peak velocity maintenance (p = 8 
0.125) (Figure 5.2). Absolute comparisons of peak and mean velocity between the CLUS and 9 
TRAD groups are presented in Appendix C13 and C14 10 
 11 
Figure 5.1 Peak and mean barbell velocity maintenance within each set of the measured 12 
training session. * p <0.05 compared to TRAD for corresponding set. Data are mean ± SD. 13 
CLUS = Cluster-set group, TRAD = Traditional-set group. 14 
 15 
Chapter 5: Effect of altering set-structure on bench press strength, power and velocity 
114 
 1 
Figure 5.2 Total peak and mean barbell velocity maintenance of the measured training session. 2 
* p < 0.05 compared to TRAD. Data are mean ± SD. CLUS = Cluster-set group, TRAD = 3 
Traditional-set group. 4 
 5 
Discussion  6 
This study aimed to compare the effect of CLUS- versus TRAD-set structures using the bench 7 
press on movement velocity and power output in subjects with at least six months of resistance 8 
training experience. Due to greater movement velocities and power outputs reported during a 9 
CLUS- compared to TRAD-set structures within training sessions (Tufano et al., 2017; Tufano 10 
et al., 2016), we hypothesized that we would observe superior increases in movement velocity 11 
and power output for the CLUS-set group. We found significant decreases in peak and mean 12 
movement velocity over time at only two relative loads (55% and 65% 1RM), however, there 13 
was no significant difference between groups. Furthermore, there were significant 14 
improvements in peak and mean muscular power following the intervention at relative loads 15 
lower than the training load (< 85% 1RM); however, there were no significant differences 16 
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between groups. No adverse events were observed or reported during the intervention period 1 
for both groups, and there was a high compliance rate (> 90% for each group). The results of 2 
the present study indicate that set-structure does not appear to affect changes in movement 3 
velocity and muscular power following high-load resistance training if repetitions are 4 
performed with maximal concentric velocity when controlling for training volume and load. 5 
When performing repetitions during a set of resistance exercise, there is a gradual 6 
reduction in concentric movement velocity as the set approaches momentary muscular failure 7 
(18). The drop in repetition performance is the result of decreased high-energy phosphate 8 
availability (Gorostiaga et al., 2012) and the accumulation of metabolic by-products, e.g., 9 
lactate and ammonia (Gorostiaga et al., 2014). Studies have shown that cluster-set structures 10 
better maintain maximal movement velocity compared to traditional-set structures, which may 11 
provide a superior stimulus for the improvement in movement velocity (Iglesias-Soler et al., 12 
2012; Tufano et al., 2016). The current study showed that CLUS- and TRAD-set structures fail 13 
to improve movement velocity at all relative loads following high-load resistance training. In 14 
fact, effect size calculations demonstrated that movement velocity tended to decline following 15 
training regardless of set-structure, with two relative loads reaching statistical significance. 16 
Similarly, previous studies have shown no change in movement velocity following lower body 17 
resistance training utilizing different set-structures (Iglesias-Soler et al., 2016; Morales-Artacho 18 
et al., 2018). The optimal development of movement velocity appears to occur through the use 19 
of very light loads (Kaneko & Fuchimoto, 1981). While a reasonable hypothesis that inclusion 20 
of inter-repetition rest periods and subsequently higher actual concentric movement velocities 21 
would enhance power or movement velocity at post-testing, this was not the case. Rather, no 22 
significant differences were observed between groups, perhaps because high loads were used in 23 
both groups leading to similar neuromuscular responses (e.g., maximal motor unit recruitment 24 
and firing rates) (Sale, 1987).  25 
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Power is defined as the rate (i.e., velocity) at which an applied force displaces an object (e.g. 1 
barbell) (McBride, 2016). Therefore, during resistance training as muscular fatigue develops, a 2 
decrease in movement velocity leads to a reduction in power output (Gorostiaga et al., 2012; 3 
Iglesias-Soler et al., 2012). Through the addition of inter-repetition rest periods, as used in the 4 
current study, there is a reduction in accumulated fatigue which facilitates higher power outputs 5 
across a set (Tufano et al., 2016). However, there is a lack of consensus from previous studies 6 
on whether cluster- compared to traditional-set structures within upper-body resistance training 7 
programs offer any advantage in the development of muscular power. Studies examining set-8 
structure with the bench press used a sub-class of cluster-sets called a rest-redistribution model 9 
(Tufano et al., 2017) whereby the cluster-set group performed half the repetitions and double 10 
the sets of the traditional-set group using moderate-high loads with the same total rest  11 
accumulated (Lawton et al., 2004; Oliver et al., 2013). Lawton et al. (2004) found that 12 
muscular power development was not different between groups when training with loads 13 
progressing to approximately 80% 1RM, whereas, Oliver et al. (2013) found greater muscular 14 
power development for the cluster-set compared to the traditional-set group when training with 15 
moderate loads (60 – 75% 1RM). The differences in training load prescribed between these two 16 
studies are likely a contributing factor to the lack of agreement. However, when using high 17 
loads, the results from Lawton et al. (2004) and the current study seem to suggest that set-18 
structure does not influence the development of muscular power. 19 
Changes in muscular power following high-load resistance training may be influenced by 20 
muscular strength development (i.e., maximal force output) rather than changes in movement 21 
velocity (De Vos et al., 2008). As both CLUS and TRAD similarly increased muscular 22 
strength, it appears that the addition of inter-repetition rest periods (in an effort to produce 23 
larger power outputs during each set) does not promote the superior development of muscular 24 
power. There is a rudimentary association between muscular strength and muscular power in 25 
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which high power outputs are produced by individuals who exhibit high levels of muscular 1 
strength (Cormie et al., 2011b). Stronger individuals who have an extensive training age have 2 
superior morphological and neuromuscular profiles compared to weaker and less experienced 3 
individuals (Folland & Williams, 2007), which leads to positive shifts in an individual force-4 
velocity relationship (Moss, Refsnes, Abildgaard, Nicolaysen, & Jensen, 1997). Positive shifts 5 
in the force-velocity relationship indicate that force output will be higher with a given velocity 6 
which subsequently leads to larger power outputs (Kaneko et al., 1983). Moreover, the use of 7 
heavy loads in the current study may have led to a more favorable motor unit recruitment 8 
pattern compared to lighter loads (Sale, 1987). Henneman’s size principle states high-threshold 9 
motor units, which innervate type II muscle fibers, will be recruited when maximal forces are 10 
required (Henneman, 1957). Consequently, the use of heavy loads during training involves 11 
greater recruitment of type II muscle fibers (Sale, 1987) which are imperative for the 12 
performance of powerful and high-intensity tasks. Therefore, any improvement in muscular 13 
power when using heavy loads is likely to have been driven by increases in muscular strength, 14 
rather than the maintenance or improvement of movement velocity using inter-repetition rest 15 
periods. 16 
To the authors’ knowledge, the current study is the first to assess movement velocity and 17 
muscular power across a spectrum of relative loads taking into account changes in muscular 18 
strength following resistance training of different set-structures. Typically, bench press power 19 
is measured using a fixed load (e.g., absolute load at baseline). If using a fixed load, the 20 
underlying mechanism (i.e., force production or movement velocity) behind an improvement in 21 
muscular power remains unknown. As a function of using a constant relative load in the current 22 
study, muscular power could be assessed while controlling for changes in a subject’s muscular 23 
strength. Future studies on this topic should consider taking into account the individual change 24 
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in muscular strength in conjunction with traditional measures when assessing power to 1 
ascertain the fundamental mechanism behind any improvement. 2 
The current study showed that velocity and power measures when using a load-velocity profile 3 
were less reliable with heavier loads (≥ 85% 1RM). This is in agreement with previous research 4 
reporting poor reliability of velocity and power measurements for heavier compared to lighter 5 
load back squats (Banyard, Nosaka, Vernon, & Gregory Haff, 2018). High reliability across a 6 
wide range of loads using the bench press when performing a load-velocity profile has also 7 
been demonstrated (Gonzalez-Badillo & Sanchez-Medina, 2010). However, a cautious note 8 
from the aforementioned study is that the bench press was performed using a Smith machine 9 
which enables all movement to remain in the same straight line, thus decreasing the risk of poor 10 
lift execution and, therefore, large alterations in velocity measurements. Based on the results of 11 
the current study, coaches should be cautious when interpreting velocity and power 12 
measurements for high to very high loads between sessions due to the presently reported 13 
reliability issues. 14 
There are certain limitations in the design and implementation of the present study which 15 
should be considered when interpreting the results. Firstly, our measurement of power and 16 
velocity is highly specific to the bench press which may not extrapolate to other upper-body 17 
power tests (e.g., bench press throw) or activities (e.g., shot put). Secondly, the load we chose 18 
(i.e., 85% 1RM) is likely not optimal for improving muscular power given that lower loads 19 
have been shown to be more superior (Kaneko & Fuchimoto, 1981). Thirdly, the cohort of 20 
recruited subjects had a minimum of only six months of resistance training experience. 21 
Consequently, our findings cannot be generalized to other populations including elderly and 22 
elite athletes. Fourthly, there was a difference in rest distribution between groups with the 23 
CLUS group accumulating 17 minutes of rest whereas the TRAD group accumulated 15 24 
minutes of rest. As such, this difference in rest may have influenced the results of this study 25 
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(e.g., greater training stimulus for the TRAD-set group due to performing similar work in less 1 
time). Lastly, we observed a heterogeneous sample of males and females and cannot rule out 2 
that differences in individual responses to high-load resistance training may have affected the 3 
findings (i.e., the uneven distribution of responders versus non-responders between groups). 4 
Furthermore, given that there was a total of 21 subjects recruited with nine females, an analysis 5 
using sex as a between-subject factor could not be performed due to the lack of statistical 6 
power. 7 
In conclusion, our results indicate that CLUS- and TRAD-set structures lead to similar 8 
effects in movement velocity and muscular power across a variety of relative loads when using 9 
high-load resistance training. This finding was consistent when power was expressed relative to 10 
body mass, indicating that body mass did not contribute to this outcome. Practically, this study 11 
shows that there may be declines in movement velocity at a given relative load following high-12 
load resistance training and that this occurs regardless of set-structure. Lastly, this study 13 
demonstrates that an increase in power output following high-load resistance training is likely 14 
to be driven by increases in muscular strength, independent of the set-structure utilized during 15 
training.  16 
 17 
Practical Applications 18 
When training with high loads using volume-equated conditions, CLUS and TRAD-set 19 
structures likely produce similar adaptations in muscular power and barbell velocity. However, 20 
CLUS-set structures can be used to reduce the fatigue experienced during training which may 21 
facilitate the recovery process for subsequent training sessions or limit fatigue prior to 22 
competitions. Coaches should be aware that, following high load training blocks, barbell 23 
velocity may decrease at particular relative loads regardless of set-structure used during 24 
training. In addition, fatigue-induced decreases in barbell velocity and power output do not 25 
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appear to alter the subsequent adaptation in these variables following a high-load training 1 
block; however, if appropriate equipment is available, coaches can use barbell velocity 2 
maintenance during training to objectively monitor the fatigue of their athletes. Lastly, in 3 
intermediately resistance trained individuals that routinely perform the bench press, increases in 4 
muscular strength may be the primary driver of muscular power development following a high-5 
load training block, regardless of set-structure. Coaches can therefore utilize either set structure 6 
for the development of muscular power as part of an athlete’s training schedule when high 7 
loads are employed. 8 
 9 
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Preface 7 
As muscular strength, velocity and power were found to similarly increase between cluster- and 8 
traditional-set structures (presented in the previous chapter), a primary mechanism behind the 9 
improvements (i.e. muscular strength or velocity) were used to explain the possible findings. 10 
As muscular hypertrophy increases the number of contractile units within muscle cells, thus 11 
improving the muscle’s force generating capacity, this may have contributed to the overall 12 
increase in muscular strength and power observed in the preceding chapter. Moreover, trade-13 
offs between maximal single-effort performance (i.e. muscular strength and power) and 14 
endurance performance may exist when training sessions stress different energy systems 15 
required for explosive or sustained periods of work. Moreover, the changes in muscular 16 
strength over the intervention period were investigated more thoroughly in which a time-course 17 
of adaptation is presented following the two interventions. The following chapter presents data 18 
from the same subjects in Chapter 5 and attempts to further elucidate the findings from the 19 
previous chapter in which the current manuscript is under review.  20 
  21 
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Abstract  1 
This study explored the effect of volume-equated traditional- and cluster-set structures on 2 
muscular hypertrophy and performance following high-load resistance training manipulating 3 
the bench press exercise. Twenty-one recreationally trained subjects (12 males and nine 4 
females) performed a 3-week familiarization phase and were then randomized into one of two 5 
eight-week upper- and lower-body split programs occurring over three and then progressing to 6 
four sessions per week. Subjects performed four sets of five repetitions at 85% 1RM using a 7 
traditional-set structure (TRAD, n = 10), which involved five minutes of inter-set rest only or a 8 
cluster-set structure, which included 30-second inter-repetition rest and three minutes of inter-9 
set rest (CLUS, n = 11). A 1RM bench press, repetitions to failure at 70% 1RM, regional 10 
muscle thickness, and dual-energy x-ray absorptiometry were used to estimate changes in 11 
muscular strength, local muscular endurance, regional muscular hypertrophy, and body 12 
composition, respectively. Velocity loss was assessed using a linear position transducer at the 13 
intervention mid-point. TRAD demonstrated a significantly greater velocity loss magnitude (p 14 
= 0.002) and muscle thickness of the proximal pectoralis major (p = 0.029) compared to CLUS. 15 
There were no significant differences between groups for the remaining outcomes, although 16 
greater changes near significance favouring TRAD were observed for the middle region of the 17 
pectoralis major (p = 0.061). It appears that inducing greater velocity loss magnitudes via 18 
performing traditional sets compared to cluster-set structures in the bench press may promote 19 
superior muscular hypertrophy within specific regions of the pectoralis major in recreationally 20 
trained subjects. 21 
 22 
 23 
  24 
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Introduction 1 
Resistance exercise is highly effective for improving muscular strength and size (i.e., muscular 2 
hypertrophy) (Ratamess et al., 2009). The recommended resistance exercise prescription to 3 
develop muscular strength and hypertrophy spans a wide range of training volumes (i.e. 4 – 4 
10+ sets per muscle group per week) (Schoenfeld & Grgic, 2018) and loading intensities [i.e. 5 
40 – 100% one-repetition maximum (1RM)] (Ratamess et al., 2009). To further optimize the 6 
adaptive response, rest period length (Grgic, Schoenfeld, Skrepnik, Davies, & Mikulic, 2018), 7 
exercise selection (Spiering et al., 2008), and movement velocity (Davies, Kuang, Orr, Halaki, 8 
& Hackett, 2017; Hackett, Davies, Orr, Kuang, & Halaki, 2018) should be considered when 9 
devising resistance exercise programs. The current consensus to develop muscular strength 10 
appears to recommend utilising high loading intensities (~80% 1RM) (Ratamess et al., 2009), 11 
whereas muscular hypertrophy appears to be equally developed across a range of intensities 12 
from 40% to 80% 1RM, providing a high level of effort is applied (Lasevicius et al., 2018). 13 
This has led to a recent area of inquiry when seeking to optimize muscular strength and 14 
hypertrophy development concerning the number of repetitions performed during a set relative 15 
to the repetition maximum (i.e. proximity to muscular failure). This is due to motor unit 16 
recruitment being maximized when sets are taken at or close to concentric muscular failure 17 
(Sale, 1987), which has been postulated to be a key driver of muscular strength development 18 
and hypertrophy (Drinkwater et al., 2005; Rooney et al., 1994). However, there is evidence to 19 
suggest that performing repetitions at or close to concentric muscular failure may not be 20 
necessary to develop these physical qualities, rather ceasing a set multiple repetitions short of 21 
concentric muscular failure may be adequate (Folland et al., 2002; Goto, Ishii, Kizuka, & 22 
Takamatsu, 2005). The findings from these studies are highly variable, as confirmed by recent 23 
reviews on the topic (Davies et al., 2016; Schoenfeld & Grgic, 2019). This indicates that the 24 
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current consensus is inconclusive with more research needed to build upon current 1 
recommendations (Ratamess et al., 2009). 2 
As a lifter performs repetitions and approaches concentric muscular failure, there is a decrease 3 
in movement velocity, which subsequently increases the time-under-tension for the muscles 4 
involved in an exercise (Gonzalez-Badillo & Sanchez-Medina, 2010). The degree of movement 5 
velocity loss during a set of resistance exercises is suggested to be indicative of neuromuscular 6 
fatigue (Sanchez-Medina & Gonzalez-Badillo, 2011) and may also lead to specific muscular 7 
adaptations (e.g. muscular strength and power output). Pareja-Blanco et al. (2017) showed a 8 
40% velocity loss during sets led to greater muscular hypertrophy of the vastus intermedius and 9 
vastus lateralis muscles compared to a group that performed repetitions that achieved a 20% 10 
loss in velocity despite similar increases in muscular strength (~15% increase). Although for 11 
this previous study, a higher training volume (i.e. more repetitions) was performed by the 40% 12 
velocity loss group compared to the 20% loss group which may have confounded the results 13 
observed. Given that training volume is a highly potent variable when seeking muscular 14 
hypertrophy (Schoenfeld et al., 2019), a strategy to remove the potential confounding effect of 15 
training volume may be warranted to derive accurate conclusions. 16 
A more valid experimental design to examine the effect of velocity loss magnitude on changes 17 
in muscular performance and hypertrophy that removes training volume as a confounding 18 
variable is by altering set-structure, collectively known as cluster-set structures (Tufano et al., 19 
2017). This method involves adding intra-set rest periods inclusive of traditional inter-set rest 20 
periods and facilitates greater maintenance of velocity and power output (Tufano et al., 2016) 21 
which reduces the neuromuscular fatigue experienced during training sessions (Sanchez-22 
Medina & Gonzalez-Badillo, 2011). The literature suggests that cluster-set structures are 23 
similarly effective compared to traditional-set structures in developing muscular strength and 24 
power output (Tufano et al., 2017). However, the evidence investigating muscular hypertrophy 25 
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outcomes is inconclusive, with Oliver et al. (2013) suggesting no significant differences in lean 1 
mass development between set-structures, while a recent study from Karsten, Fu, Larumbe-2 
Zabala, Seijo, and Naclerio (2019) advocated traditional-set structures to better develop 3 
muscular thickness compared to cluster-set structures. The conflicting evidence could be 4 
derived from differences in the specificity of measurement techniques as Karsten et al. (2019) 5 
assessed muscle thickness with ultrasonography while Oliver et al. (2013) assessed lean mass 6 
by dual-energy x-ray absorptiometry (DEXA). Arguably, the estimate of muscle thickness (i.e. 7 
a direct assessment of muscle mass) would be more sensitive in detecting changes following 8 
resistance exercise interventions in which specific exercises are manipulated compared to 9 
DEXA (i.e. an indirect assessment of muscle mass) (Delmonico, Kostek, Johns, Hurley, & 10 
Conway, 2008). Moreover, it appears that the performance of repetitions with large velocity 11 
losses (i.e. at or close to concentric muscular failure) increases mitochondrial density and 12 
proliferation rates in working muscles (Steele, Fisher, McGuff, Bruce-Low, & Smith, 2012). 13 
This improves the ability of muscles to sustain force output over long periods of time and thus 14 
may be impacted by alterations in set-structure (Steele et al., 2012). This is supported by 15 
Izquierdo et al. (2006) who demonstrated greater changes in absolute local muscular endurance 16 
when repetitions were performed to concentric muscular failure compared to when repetitions 17 
were deliberately performed not to failure. Therefore, velocity loss magnitude during a set may 18 
have implications on the development of local muscular endurance; however, training studies 19 
are scarce, and more research is needed to confirm the above findings. 20 
This study examined the effect of volume-equated traditional- versus cluster-set structures 21 
using the bench press on muscle thickness, body composition, muscular strength, and local 22 
muscular endurance following high-load resistance training (85% 1RM. It was hypothesized 23 
that the traditional-set group would show greater increases in muscle thickness of the prime 24 
mover muscles in the bench press (i.e. pectoralis major and triceps brachii) and greater 25 
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improvements in local muscular endurance. Second, muscular strength and lean body mass 1 
would not be different between groups. Lastly, confirmation of velocity loss magnitudes at the 2 
mid-point of the training intervention would indicate that the traditional-set group led to greater 3 
average velocity loss compared to the cluster-set group. 4 
 5 
Methods 6 
Experimental Approach to the Problem 7 
This study used a randomized comparative design to examine the effect of cluster-set versus 8 
traditional-set structures on upper-body muscle thickness and performance. To eliminate 9 
possible confounders, volume load, relative load and exercise order were all matched between 10 
groups. Only subjects with at least six months of resistance training experience were eligible to 11 
participate to ensure that the high-intensity nature of the training program could be tolerated. 12 
Subjects that agreed to participate in the study completed a three-week familiarization phase of 13 
training before baseline testing and then were randomized, via a computer-generated allocation 14 
list, into a training group. Post-testing was conducted at least 72 hours from the last completed 15 
training session within the eight-week intervention period. 16 
 17 
Subjects 18 
A total of 22 healthy adults (males, n = 13 and females, n = 9) agreed to participate in the 19 
study. Out of the 22 subjects enrolled in the study, one subject withdrew immediately after pre-20 
testing due to a pre-existing shoulder injury and was therefore excluded from all analyses. 21 
Subject characteristics are presented in Table 6.1. Subjects were free of any cardiac, peripheral 22 
vascular, cerebrovascular, pulmonary, metabolic, renal, liver or musculoskeletal signs and 23 
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symptoms of disease or injury. Subjects reported to be free of any legal or illegal agents known 1 
to increase muscle size and strength such as creatine or anabolic androgenic steroids. Before 2 
entry into the study, subjects were informed of the purpose, risks, benefits, and experimental 3 
procedures involved in the study. All subjects signed an informed consent document prior to 4 
participating. A flow diagram of subjects’ progress through the phases of the study (i.e., 5 
eligibility, enrolment and intervention allocation) is presented in Figure 6.1. The research study 6 
was approved by the University Human Research Ethics Committee (HREC Project Number: 7 
2016/018). 8 
 9 
 10 
Figure 6.1. Flow chart of subjects.  11 
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Table 6.1. Characteristics of participants at baseline. 1 
 CLUS (n = 11) TRAD (n = 10) p 
Age (y) 26.10 ± 7.10 24.59 ± 6.90 0.628 
Sex (Male/Female) 7/4 5/5 N/A 
Height (cm) 176.57 ± 7.98 174.23 ± 7.59 0.507 
Training age (y) 3.78 ± 3.64 5.1 ± 7.72 0.617 
Body Mass (kg) 74.24 ± 9.99 75.57 ± 9.73 0.760 
Body Fat Percentage (%) 22.62 ± 9.93 25.67 ± 11.33 0.511 
Total Fat Mass (kg) 15.95 ± 7.87 18.52 ± 8.92 0.491 
Total Skeletal Muscle Mass (kg) 29.71 ± 6.47 29.88 ± 7.33 0.955 
Triceps Brachii MT (cm) 3.44 ± 0.79 3.22 ± 0.56 0.481 
Pectoralis Major PROX-MT (cm) 1.40 ± 0.39 1.21 ± 0.33 0.233 
Pectoralis Major MID-MT (cm) 1.82 ± 0.72 1.69 ± 0.54 0.649 
Pectoralis Major DIS-MT (cm) 1.85 ± 0.76 1.88 ± 0.91 0.930 
    
    
Relative Bench Press 1RM (kg/BM) 0.88 ± 0.24 0.84 ± 0.33 0.708 
Relative 1RM Bench Press (kg/LM) 1.18 ± 0.25 1.15 ± 0.33 0.868 
Muscular Endurance (repetitions) 13.91 ± 2.21 15.00 ± 2.79 0.858 
Muscular Endurance Volume (kg) 625.45 ± 177.95 688.25 ± 353.05  0.621 
CLUS = cluster-set group, cm = centimeters, DIS-MT = distal muscle thickness, kg = 
kilograms, kg/BM = kilograms per kilogram of body mass, kg/LM = kilograms per 
kilogram of total lean mass, MID-MT = middle muscle thickness, MT = muscle 
thickness, p = p-value from independent-samples t-test, TRAD = traditional-set group; y 
= years, 1RM = one-repetition maximum. 
Data are presented as mean ± SD. 
 2 
 3 
Familiarization and Resistance Training Intervention 4 
Both the familiarization and resistance training intervention are presented in Table 5.1 of 5 
Chapter 5. The resistance training intervention involved a three-day upper/lower body split 6 
routine targeting major muscle groups progressing to four days at the mid-point of the 7 
intervention period. The three-week familiarization phase was completed by all participants and 8 
involved two upper body sessions and one lower body session per week of the same resistance 9 
training program (Chapter 5). Subjects were then randomized into one of two groups 10 
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performing four sets of five repetitions for the bench press at 85% 1RM with 1) five minutes of 1 
inter-set rest only (TRAD, n = 10) or 2) 30 seconds of inter-repetition rest and three minutes of 2 
inter-set rest (CLUS, n = 11). All subjects performed the same resistance training program with 3 
only the bench press exercise being manipulated.  Subjects were required to rest a minimum of 4 
48 hours between training sessions involving the same muscle groups to allow adequate 5 
recovery (Pareja-Blanco, Villalba-Fernandez, Cornejo-Daza, Sanchez-Valdepenas, & 6 
Gonzalez-Badillo, 2019). 7 
Before training, participants performed a general warm-up of the rotator cuff muscles and 8 
upper back musculature which consisted of band-resisted external rotations of the shoulder and 9 
reverse flyes followed by a specific warm-up with progressive loading on the bench press (see 10 
Chapter 5). During training sessions, subjects were encouraged to perform the eccentric phase 11 
in a controlled manner (~one-two seconds) whereas the concentric phase was performed with 12 
maximal concentric velocity with verbal encouragement from the training supervisor. Relative 13 
load was maintained throughout the intervention period via the bench press 1RM (outlined 14 
below) and was assessed each fortnight (before the first session of that week). Following the 15 
final 1RM attempt, subjects were given 10 minutes of rest to allow adequate recovery of the 16 
central nervous system before the first set commenced (Latella et al., 2016). All training 17 
sessions were directly supervised by an accredited and experienced Powerlifting coach, 18 
affiliated with Powerlifting Australia, to ensure each subject adhered to the training 19 
prescription and performed all exercises safely. Subjects were instructed at the beginning and 20 
throughout the study to refrain from performing any other resistance training and to maintain 21 
their habitual diet and physical activity regimen. 22 
 23 
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Assessment of Upper-Body Muscular Strength and Local Muscular Endurance 1 
A 1RM test was used to determine muscular strength in the bench press using the protocol 2 
recommended by the National Strength and Conditioning Association (Sheppard & Triplett, 3 
2016) and is described in Chapter 5.The 1RM test was performed on two occasions at each 4 
major time-point (i.e. pre- and post-intervention) with a minimum of 48 hours between sessions 5 
for reliability purposes (Table 6.2). Once the 1RM score was obtained, it was expressed relative 6 
to body mass (1RMBM) and relative to lean mass (1RMLM). The best 1RM attempt from the two 7 
trials was used for analysis. 8 
Muscular endurance was assessed by a maximum repetition task at 70% 1RM on the bench 9 
press 10 minutes after the completion of the1RM assessment. The test was ceased when any of 10 
the following criteria were met; the subject could not complete a full repetition, the subject 11 
aided the movement by lifting their feet, hips or head from the bench, or the subject requested 12 
to stop the test. Subjects were instructed to perform the bench press with the same technique 13 
and lifting speeds as per the instructions for the 1RM. The same relative load (i.e., 70% 1RM) 14 
was used for pre- and post-training assessments as per the methodology from Anderson & 15 
Kearney (1982). All subjects were assessed on two occasions at baseline with a minimum of 48 16 
hours between sessions for reliability purposes (Table 6.2). The number of repetitions 17 
completed, and the volume load (repetitions x load) accrued following the best 1RM attempt 18 
was used for analysis.  19 
 20 
 21 
 22 
 23 
 24 
 25 
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Table 6.2. ICC and CV analyses of performance and body composition measurements at 1 
baseline of the total cohort. 2 
 Measure 1 Measure 2 Measure 3 ICC (95% CI) CV% (95% CI) 
Bench Press 1RM (kg) 64.76 ± 25.80 65.00 ± 25.48 N/A 0.997 (0.993 to 0.999) 1.21 (0.28 to 2.14) 
Relative Muscular Endurance 
(repetitions) * 
13.62 ± 2.46 14.57 ± 2.38 N/A 0.675 (0.353 to 0.854) 7.40 (3.54 to 11.26) 
Relative Muscular Endurance 
Volume (kg) * 
609.88 ± 252.83 656.90 ± 262.48 N/A 0.949 (0.878 to 0.979) 7.62 (3.58 to 11.20) 
Triceps Brachii MT (cm) 3.30 ± 0.72 3.35 ± 0.67 3.36 ± 0.70 0.965 (0.930 to 0.984) 4.16 (2.90 to 5.43) 
Pectoralis Major PROX-MT 
(cm) 
1.30 ± 0.38 1.30 ± 0.36 1.32 ± 0.39 0.983 (0.960 to 0.993) 
3.26 (2.52 to 4.00) 
Pectoralis Major MID-MT (cm) 1.75 ± 0.64 1.76 ± 0.63 1.72 ± 0.65 0.993 (0.982 to 0.997) 2.64 (2.01 to 3.28) 
Pectoralis Major DIS-MT (cm) 1.88 ± 0.82 1.88 ± 0.82 1.82 ± 0.82 0.994 (0.985 to 0.998) 3.33 (2.52 to 4.13) 
CLUS = cluster-set group, cm = centimetres, CV% = coefficient of variation (expressed as a percentage), DIS-MT = distal muscle 
thickness, kg = kilograms, ICC = intraclass correlation coefficient, MID-MT = middle muscle thickness, MT = muscle thickness, PROX-
MT = proximal muscle thickness, TRAD = traditional-set group, 1RM = one-repetition maximum. 
Data are presented as mean ± SD.* n = 21, § n = 4. 
 3 
Assessment of Site-Specific and Regional Muscle Thickness 4 
Site-specific muscular hypertrophy of the triceps brachii and regional muscle thickness of the 5 
pectoralis major were acquired using ultrasound imaging (Figure 2). All assessments were 6 
made on the right side of each subject using a Philips iU22 (Philips Ultrasound, Bothell, 7 
Washington D.C., United States of America) ultrasound machine along with a linear 1- to 5-8 
MHz probe. A qualified, experienced and accredited sonographer performed all collection and 9 
analysis procedures and was blinded to group allocation of each subject. For each measurement 10 
site, the ultrasound probe was placed perpendicular to the surface of the skin, and an optimized 11 
image was obtained using an appropriate amount of water-soluble transmission gel along with 12 
minimal compression of tissues. Once each scan was complete, it was subjectively assessed for 13 
preliminary image quality. Three scans for each site were taken in a single session for 14 
reliability purposes (Table 6.2) with the mean of the two closest values used for analysis 15 
(Ahtiainen et al., 2010). 16 
For the triceps brachii, measurements were taken on the posterior surface of the upper arm at 17 
60% distal from the acromion process to the lateral epicondyle of the humerus (Abe et al., 18 
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2000). For the pectoralis major, panoramic images were taken in the sagittal (vertical) plane 1 
which has been demonstrated to be reliable compared to singular transverse images (Jenkins et 2 
al., 2015). The measurement was taken from the participants’ mid-clavicular line (mid-point 3 
from the acromion process to the sternal notch) until the cessation of the muscle belly in the 4 
sagittal plane. Panoramic images were obtained by orientating the probe perpendicular to the 5 
skin on each landmark on the chest. The probe was moved manually in a slow and continuous 6 
movement along a marked line on the skin, indicating the mid-clavicular line. The probe 7 
acquired individual images from superior to inferior creating a cross-section of the pectoralis 8 
major which was used for analysis. Dimensions of muscle thickness (MT) for the upper arm 9 
were obtained by measuring the distance between the subcutaneous adipose tissue muscle 10 
interface to the most superior aspect of the humerus on the muscle-bone interface (Abe et al., 11 
2000). For the pectoralis major, muscle thickness was measured at three sites along the vertical 12 
length of the pectoralis major which included the intercostal spaces of ribs 2-3 (PROX-MT), 3-13 
4 (MID-MT) (Ogasawara, Thiebaud, Loenneke, Loftin, & Abe, 2012), and 4-5 (DIS-MT) 14 
(Figure 6.2).  15 
 16 
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 1 
Figure 6.2. Examples of the ultrasound scans and measurement sites of the pectoralis major 2 
(panoramic image along the mid-clavicular line) and triceps brachii (60% distal from the 3 
acromion process). 4 
DIS-MT = distal muscle thickness, PROX-MT = proximal muscle thickness, MID-MT = 5 
middle muscle thickness, MT = muscle thickness. 6 
 7 
Assessment of Body Composition 8 
Body composition was assessed via a DEXA scanner (Lunar Prodigy, GE Medical Systems, 9 
Madison, Wisconsin, United States of America). All scans were performed under standard 10 
conditions (Hackett et al., 2019)  by a licensed co-investigator. Subjects were instructed to 11 
arrive for the scan following a minimum 12-hour fast from solid food, a minimum 6-hour fast 12 
from liquids and no exercise for a minimum of 24 hours. In-built analysis software (version 13 
13.60.033; enCORE 2011, GE Healthcare, Madison, Wisconsin, United States of America) 14 
immediately calculated of total, lean and fat mass and regional sub-sites to estimate 15 
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appendicular masses (i.e. upper- and lower-limb). Skeletal muscle mass was calculated using 1 
an equation described by Kim and colleagues (Kim, Wang, Heymsfield, Baumgartner, & 2 
Gallagher, 2002). The equation is as follows: 𝑇𝑜𝑡𝑎𝑙 𝑆𝑘𝑒𝑙𝑒𝑡𝑎𝑙 𝑀𝑢𝑠𝑐𝑙𝑒 𝑀𝑎𝑠𝑠 =  (1.13 ×3 
𝑎𝑝𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 𝑙𝑒𝑎𝑛 𝑚𝑎𝑠𝑠)  −  (0.02 ×  𝑎𝑔𝑒) +  (0.61 ×  𝑠𝑒𝑥 )  +  0.97; where females are 4 
represented with a ‘zero’ and males are represented with a ‘one’ in the equation. 5 
 6 
Assessment of Barbell Velocity Loss 7 
Due to the strong correlation between the loss of barbell velocity within a set and the 8 
magnitude of neuromuscular fatigue (Sanchez-Medina & Gonzalez-Badillo, 2011), the loss of 9 
barbell velocity during each set was used to estimate the neuromuscular fatigue experienced by 10 
the two training protocols. The magnitude of velocity loss between the two protocols was 11 
measured at the midpoint of the training intervention (i.e., week 4 of the intervention). Velocity 12 
(m.s-1) was calculated as the first-order derivative of the displacement-time curve in the vertical 13 
direction using the GymAware linear position transducer and associated software (Kinetic 14 
Performance Technology, Mitchell, Australia). Displacement and time of each repetition were 15 
calculated from the initiation of a vertical displacement until the cessation of movement at the 16 
lock-out position. Velocity loss was calculated as the difference between the first and last 17 
repetitions and expressed as a percentage relative to the first repetition (Gonzalez-Badillo & 18 
Sanchez-Medina, 2010). 19 
 20 
Statistical Analysis 21 
Baseline characteristics of all participants and variables which were not influenced by time 22 
(e.g., average intensity of training and volume accrued) were analyzed using independent 23 
samples t-tests. Primary effects of resistance training on measurements of muscle thickness, 24 
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body composition, muscular strength, and relative muscular endurance were analyzed using a 2 1 
x 2 (group x time) repeated measures ANOVA with a post-hoc Bonferroni adjustment. Velocity 2 
loss was analyzed using a 2 x 4 x 5 (group by set by repetition) repeated measures ANOVA 3 
with a post-hoc Bonferroni adjustment. As males and females were used in this intervention, 4 
sex-specific differences were determined by a 2 x 2 x 2 (group by sex by time) repeated 5 
measures ANOVA for all variables. All analyses were performed using SPSS (Version 24) 6 
software for Windows (SPSS, Chicago, Illinois, United States of America) and Excel (2016) 7 
software for Windows (Microsoft, Redmond, Washington State, United States of America).  8 
The reliability of muscular strength, endurance body composition and muscle thickness 9 
measurements were calculated using intraclass correlation coefficients (ICC) and the 10 
coefficient of variation (CV) with 95% confidence intervals (CI) for both analyses. The results 11 
of the ICC were interpreted as; < 0.5 poor, 0.5 to 0.75 moderate, > 0.75 to 0.9 good and > 0.9 12 
excellent reliability (Koo & Li, 2016). CV scores that were < 5% were considered good 13 
reliability, 5 – 10% were considered moderate and > 10% were considered poor reliability 14 
(Atkinson & Nevill, 1998). In the ultrasound measurement, where there were three 15 
measurements taken, the mean of the typical error of each pairwise analysis (i.e., trial one 16 
against trial two and trial two against trial three) was used as recommended by Hopkins et al. 17 
(2009).  18 
Due to the small sample size presented, estimates of effect size (ES) with 95% CI were 19 
calculated using Hedges’ g with the pre-post correlation set at a constant magnitude of 0.5 20 
[(mean difference divided by pooled weighted standard deviation) Comprehensive Meta-21 
Analysis, Englewood, New Jersey, United States of America].  ES were interpreted as; <0.2, 22 
0.6, 1.2, 2.0 and >4.0 for small, moderate, large, very large and extremely large effects, 23 
respectively (Hopkins et al., 2009). For between-group effects, positive effect sizes indicate 24 
Chapter 6: Effect of set-structure on upper-body muscular hypertrophy and performance 
137 
that the effect favored CLUS, while negative effects favored TRAD. For all analyses, an alpha 1 
level of significance was set at p <0.05. 2 
 3 
Results 4 
At baseline, there were no significant differences between groups in any measured variable 5 
(Table 6.1).. Within the intervention, there was 99.38% ± 1.98% in TRAD and 97.73% ± 6 
9.74% compliance in CLUS. CLUS completed significantly more repetitions per session 7 
compared to TRAD (TRAD: 19.04 ± 0.88 repetitions; CLUS: 19.80 ± 0.37 repetitions; p = 8 
0.016; g = -1.15; 95% CI = -2.07 to -0.22); however, there were no significant between-group 9 
differences in the training volume load accrued per session (TRAD: 1,089.85kg ± 480.16; 10 
CLUS: 1,162.95kg ± 383.58kg; p = 0.703; g: 0.16, 95% CI = -0.66 to 0.99). There were no 11 
significant between-group differences in the average relative load (i.e. %1RM) used throughout 12 
the intervention (TRAD: 84.50% ± 1.16%; CLUS: 85.06% ± 1.07%; p = 0.268; g: 0.48: 95% 13 
CI = -0.35 to 1.32). All measurement protocols proved to have good reliability, except for the 14 
measure of muscular endurance, which demonstrated moderate reliability (Table 2). 15 
 16 
Velocity Loss 17 
The magnitude of velocity loss at mid-point of the training intervention is presented in Figure 18 
3. TRAD showed significantly greater loss in velocity compared to CLUS in sets one (p = 19 
0.001, g: -1.71, 95% CI = 0.74 to 2.68), two (p  = 0.001, g: -1.75, 95% CI = 0.78 to 2.73) and 20 
four (p  = 0.032, g: -0.97, 95% CI = 0.10 to 1.84) with no significant differences in set three (p  21 
= 0.401, g: -0.42, 95% CI = -0.41 to 1.26). When all sets were averaged, TRAD also showed 22 
significantly greater velocity loss compared to CLUS (p = 0.002, g: 1.50, 95% CI = 0.56 to 23 
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2.44). Participant sex did not influence the magnitude of velocity loss experienced during the 1 
measured training session.  2 
 3 
 4 
Figure 6.3. Mean velocity loss throughout each set and average velocity loss in the measured 5 
training session. * p < 0.05 compared to TRAD for the corresponding set. 6 
 7 
Body Composition and Site-Specific Muscular Hypertrophy 8 
Data for measures of body composition and site-specific muscular thickness are presented in 9 
Table 6.3. Total skeletal muscle mass significantly increased over time (p = 0.043) with no 10 
significant differences between groups (p = 0.353). CLUS significantly increased body mass 11 
compared to TRAD following the intervention period, although the effect size was less than 12 
small (p = 0.031, g: 0.11, 95% CI = -0.75 to 0.96). There were no significant time, group, or 13 
group by time interactions for all remaining measures of body composition. Regarding site-14 
specific muscle thickness, there were no significant between-group differences in the change in 15 
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triceps brachii muscle thickness (p = 0.833, g: -0.07, 95% CI = -0.92 to 0.79). TRAD led to 1 
significantly greater pectoralis major PROX-MT compared to CLUS (p = 0.029, g: -0.34, 95% 2 
CI = -1.20 to 0.52), while there was a statistical trend for greater increases in pectoralis major 3 
MID-MT (p = 0.061, g: -0.25, 95% CI = -1.11 to 0.61). There was a time effect for increases in 4 
pectoralis major DIS-MT from baseline (p = 0.047) with no significant differences between 5 
groups (p = 0.786, g: -0.03, 95% CI = -0.89 to 0.82). Participant sex did not influence the 6 
change in any measure of body composition or site-specific muscle thickness across the 7 
intervention period. 8 
 9 
Muscular Strength 10 
Following the familiarization phase, there was a significant increase (p < 0.001) in bench press 11 
1RM by 4.95% ± 3.49% (g: 0.07, 95% CI = -0.50 to 0.64) in TRAD and 6.25% ± 4.78% (g: 12 
0.12, 95% CI = -0.42 to 0.67) in CLUS, respectively, with no significant differences between 13 
groups (p = 0.405, g: 0.03, 95% CI = -0.82 to 0.87); however, the effect size of these increases 14 
were less than small. The time-course of muscular strength development is presented in Figure 15 
4. Following pre-testing, bench press 1RM significantly increased (p < 0.001) by week 3 of the 16 
intervention in both groups by 4.36% ± 3.76% (g: 0.07, 95% CI = -0.50 to 0.64) in TRAD and 17 
3.80% ± 2.74% (g: 0.10, 95% CI = -0.45 to 0.65) in CLUS, although the effect sizes were less 18 
than small. TRAD demonstrated significant increases in bench press 1RM across all time points 19 
while CLUS showed significant increases until week 7 of the intervention (Figure 6.4). 20 
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 1 
Figure 6.4. Time-course of muscular strength development from pre-intervention testing. 2 
* Significantly different (p < 0.05) from previous timepoint. 3 
CLUS = cluster-set group, TRAD = traditional-set group. 4 
 5 
Compared to pre-testing scores, TRAD significantly increased bench press 1RM by 12.16% ± 6 
7.07% (p < 0.001, g: 0.20, 95% CI = -0.37 to 0.78), bench press 1RMBM by 12.16% ± 7.07% (p 7 
< 0.001, g: 0.22, 95% CI = -0.35 to 0.80) and bench press 1RMLM by 12.22% ± 7.95% (p 8 
<0.001, g: 0.37, 95% CI = -0.23 to 0.95). CLUS significantly increased bench press 1RM by 9 
9.90% ± 4.60% (p < 0.001, g: 0.25, 95% CI = -0.31 to 0.80), bench press 1RMBM by 8.55% ± 10 
4.48% (p < 0.001, g: 0.30, 95% CI = -0.26 to 0.86) and bench press 1RMLM by 8.68% ± 4.70% 11 
(p < 0.001, g: 0.36, 95% CI = -0.20 to 0.93). There were no significant between-group 12 
differences for each measure of muscular strength (Table 6.3).  13 
Regarding sex-specific interactions, there were group by sex by time interactions for bench 14 
press 1RM (p = 0.070) and bench press 1RMBM (p = 0.092) that were near significance with no 15 
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significant interaction for bench press 1RMLM. For bench press 1RM, the post-hoc analysis 1 
revealed that, within females, TRAD showed a statistical trend for a greater increase in bench 2 
press 1RM compared to CLUS (p = 0.071, g: -0.40, 95% CI = -1.73 to 0.93). There was no 3 
significant between-group differences within males (p = 0.367). For bench press 1RMBM, 4 
females within TRAD significantly increased bench press 1RMBM to a greater extent compared 5 
to CLUS (p = 0.046, g: -0.36, 95% CI = -1.68 to 0.97) with no significant differences within 6 
males (p = 0.682).  7 
 8 
Relative Muscular Endurance 9 
Results and ES data for relative muscular endurance are presented in Table 6.3. There was a 10 
time effect found that was near significance for the number of repetitions performed (p = 11 
0.072), however there was no group effect (p = 0.660). There was no significant group by time 12 
interaction, although a small between-group effect was observed, indicating CLUS maintained 13 
the number of repetitions performed to a greater extent compared to TRAD (p = 0.108, g: 0.54, 14 
95% CI = -0.33 to 1.41). There was no significant time effect (p = 0.289) or group effect (p = 15 
0.836) found for the volume accrued during the assessment. There was no significant group by 16 
time interaction; however, a small effect was observed favouring CLUS, which indicated that a 17 
higher volume load was performed during the assessment (p = 0.153, g: 0.24, 95% CI = -0.63 18 
to 1.09). Regarding sex-differences, there were no significant differences in the number of 19 
repetitions completed between males and females at baseline (p = 0.209, g: 0.54, 95% CI = -20 
1.38 to 0.30); however, males completed a higher volume load compared to females which was 21 
solely due to the higher barbell weights utilized (p < 0.001, g: 3.25, 95% CI = 2.13 to 4.81). In 22 
response to training, sex of the participants did not influence the change in the number of 23 
repetitions completed in the assessment (p = 0.686) or the volume accrued (p = 0.485).   24 
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Table 6.3. Changes in muscular strength, body composition and site-specific muscle thickness during and following the intervention period.1 
 
CLUS (n = 11)  TRAD (n = 10) 
 
ANOVA (p) 
Between-Group ES 
(g)* 
Measure Pre Post 
 
Pre Post 
 
T G G x T ES 
95% CI of 
ES 
Bench Press 1RM (kg) 66.59 ± 23.16 72.95 ± 24.44 64.00 ± 29.28 70.50 ± 29.53 <0.001* 0.830 0.923 -0.01 -0.86 to 0.85 
Bench Press 1RMBM
 (kg/kg) 0.88 ± 0.24 0.96 ± 0.25 0.84 ± 0.33 0.92 ± 0.33 <0.001* 0.751 0.421 0.00 -0.86 to 0.86 
Bench Press 1RMLM (kg/kg) 1.19 ± 0.25 1.29 ± 0.26 1.15 ± 0.33 1.28 ± 0.32 <0.001
* 0.908 0.659 -0.10 -0.96 to 0.76 
Relative Muscular Endurance 
(repetitions) 
13.91 ± 2.21 13.82 ± 2.09 15.00 ± 2.79 13.50 ± 1.51  
 
0.072† 0.660 0.108 0.54 -0.33 to 1.41 
Relative Muscular Endurance 
(Volume, kg) 
625.91 ± 175.68 682.59 ± 188.98 681.95 ± 346.42 673.20 ± 299.09 
 
0.289 0.836 0.153 0.23 -0.63 to 1.09 
Body Mass (kg) 74.24 ± 9.99 75.20 ± 10.41 75.57 ± 9.73 75.45 ± 9.82  0.086† 0.928 0.031* 0.11 -0.75 to 0.96 
Body Fat Percentage (%) 22.62 ± 9.93 22.76 ± 9.68 25.67 ± 11.33 25.47 ± 11.95  0.791 0.562 0.205 0.03 -0.81 to 0.86 
Total Fat Mass (kg) 15.95 ± 7.87 16.30 ± 7.90 18.52 ± 8.92 18.36 ± 9.55  0.681 0.543 0.267 0.06 -0.78 to 0.89 
Total Skeletal Muscle Mass (kg) 29.71 ± 6.47 30.28 ± 6.55 29.88 ± 7.33 30.10 ± 7.69  0.043* 0.999 0.353 0.05 -0.81 to 0.91 
Triceps Brachii MT (cm) 3.38 ± 0.82  3.31 ± 0.83 3.29 ± 0.55 3.27 ± 0.83  0.723 0.839 0.833 -0.07 -0.92 to 0.79 
Pectoralis Major PROX-MT (cm) 1.41 ± 0.40 1.37 ± 0.38 1.21 ± 0.33 1.30 ± 0.38 0.397 0.417 0.029* -0.34 -1.20 to 0.52 
Pectoralis Major MID-MT (cm) 1.82 ± 0.72 1.82 ± 0.64 1.69 ± 0.54 1.86 ± 0.66  0.067† 0.872 0.061† -0.25 -1.11 to 0.61 
Pectoralis Major DIS-MT (cm) 1.85 ± 0.75 1.96 ± 0.73 1.88 ± 0.91 2.02 ± 1.02  0.047* 0.902 0.786 -0.03 -0.89 to 0.82 
1RM = one-repetition maximum, 1RMBM = kilograms per kilogram of body mass, 1RMLM = kilograms per kilogram of lean mass, ANOVA = analysis of variance, 
CLUS = cluster-set group, cm = centimeters, DIS-MT = distal muscle thickness, G x T = group by time interaction, G = group effect, kg = kilograms, MID-MT = 
middle muscle thickness, MT = muscle thickness, p = p-value, Pre = pre-training/baseline testing, PROX-MT = proximal muscle thickness, Post = post-training testing, 
TRAD = traditional-set group, T = time effect. 
Data presented as mean ± SD. 
* Significant (< 0.05). 
† Trend for significance (≥ 0.05 to < 0.1). 
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Discussion 1 
The current study aimed to compare the effects of altering set-structure during an 8-week 2 
volume-equated high-load bench press training program on the development of muscle 3 
thickness, body composition, muscular strength, and muscular endurance. Velocity loss 4 
magnitude within the intervention was found to be greater for TRAD compared to CLUS. Site-5 
specific muscular hypertrophy of the proximal and middle regions of the pectoralis major 6 
improved to a greater extent over the intervention period in TRAD compared to CLUS. While 7 
total skeletal muscle mass significantly increased over time and body mass significantly 8 
increased in CLUS compared to TRAD, no other measure of body composition or site-specific 9 
muscular hypertrophy changed following the intervention. Muscular strength increased at all 10 
time points for TRAD, while improvements in strength ceased for CLUS following week 5 of 11 
the intervention period. However, compared to baseline, absolute and relative muscular 12 
strength improved to a similar degree between groups. Relative muscular endurance was 13 
unaffected by the set-structure performed during the intervention. There were greater increases 14 
nearing significance in muscular strength following TRAD compared to CLUS in females, with 15 
sex-specific differences not influencing any of the remaining outcomes. All measures of body 16 
composition, muscle thickness and muscular strength proved to have good reliability while 17 
muscular endurance demonstrated moderate reliability. The findings of this study indicate that 18 
different set-structures may influence regional muscle hypertrophy but are unlikely to affect 19 
performance measures such as muscular strength and muscular endurance. 20 
Altering set-structures to reduce the magnitude of velocity loss throughout sets appear to 21 
reduce muscle hypertrophy. This was evident by the set-structure that showed a greater velocity 22 
loss magnitude during the intervention (i.e. TRAD) also experiencing increased site-specific 23 
muscular hypertrophy. These findings are supported by Pareja-Blanco et al. (2017), where 24 
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larger velocity loss magnitudes promoted greater muscle hypertrophy. Building on this finding, 1 
it appears that altering set-structures in the bench press produces non-uniform hypertrophy of 2 
the pectoralis major. The greater hypertrophy in the proximal and middle regions of the 3 
pectoralis major in TRAD compared to CLUS may derive from differing muscle activations 4 
during fatiguing resistance training (i.e., with larger velocity loss magnitudes). Two studies 5 
from Wakahara and colleagues (Wakahara, Fukutani, Kawakami, & Yanai, 2013; Wakahara et 6 
al., 2012) demonstrate that region-specific muscle activation corresponds to hypertrophy of 7 
those activated regions following a 12-week resistance training intervention. We postulate that 8 
traditional-set structures may have produced non-uniform muscle activation compared to 9 
cluster-set structures which may have led to the region-specific hypertrophic response. 10 
However, it must be mentioned that any region-specific differences presented in the current 11 
study were not statistically significant with small-moderate effect sizes, therefore any 12 
conclusive findings will require confirmation with greater sample sizes in future research. 13 
The results of the current study suggest that similar increases in muscular strength can be 14 
achieved using set-structures that differ in velocity loss magnitude. Although these findings 15 
have been observed in previous studies on the topic (Iglesias-Soler et al., 2016; Izquierdo et al., 16 
2006; Morales-Artacho et al., 2018; Nicholson et al., 2016; Pareja-Blanco et al., 2017), the 17 
time-course of strength adaptation has yet to be fully examined when resistance training is 18 
performed with different set-structures. Both groups significantly increased muscular strength 19 
from baseline by week three of the intervention, which agrees with previous work on the topic 20 
(Abe et al., 2000). However, CLUS ceased significant increases in muscular strength following 21 
week 5 of the intervention period, while TRAD continued to significantly increase muscular 22 
strength across all measured time-points. Given that TRAD showed greater hypertrophy of the 23 
proximal and possibly middle regions of the pectoralis major and similar hypertrophy of the 24 
distal region across the intervention compared to CLUS, this may have contributed to the 25 
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different time-courses observed. It is proposed that muscle hypertrophy is a majority 1 
contributor to resistance training-induced muscular strength adaptation (Cribb, Williams, 2 
Stathis, Carey, & Hayes, 2007; Erskine, Fletcher, & Folland, 2014), especially in later-phases 3 
of a training program, as demonstrated by Moritani and DeVries (1979). According to this 4 
research, muscle hypertrophy becomes a dominant contributor to muscular strength 5 
development at approximately 3-5 weeks into a training intervention. Regular measurements of 6 
muscle thickness would have provided greater insight into whether changes in muscle thickness 7 
of the pectoralis coincided with strength development during the later weeks of the 8 
intervention, thus providing some evidence of muscular hypertrophy influencing the continued 9 
strength response observed for TRAD (Abe et al., 2000; Moritani & DeVries, 1979). 10 
To the authors’ knowledge, the current study is the first to assess changes in relative local 11 
muscular endurance following resistance training of different set-structures. We conducted the 12 
local muscular endurance test at pre- and post-intervention keeping the relative load constant 13 
(i.e., 70% 1RM) to assess local muscular endurance capacity (i.e. resistance to fatigue). This 14 
removes the confounding variable of muscular strength which is observed in absolute muscular 15 
endurance assessments (Anderson & Kearney, 1982). For example, if 70% of the pre-training 16 
1RM was kept constant into post-testing in the current study, as with absolute muscular 17 
endurance testing protocols, subjects would have used 57.65% to 68.37% 1RM in the post-18 
training assessment. As more repetitions can be performed with lower relative loads until 19 
concentric muscular failure (Mayhew, Ball, Arnold, & Bowen, 1992) (i.e. the load-repetition 20 
relationship), the underlying mechanism supporting the higher number of repetitions performed 21 
is unknown. Theoretically, this may derive from an improvement in fatigue resistance that has 22 
been reported in endurance athletes (Richens & Cleather, 2014), or a reduction in relative load 23 
as a consequence of muscular strength development. Alternatively, the use of absolute 24 
muscular endurance assessments can be used when a fixed load is of greater importance to 25 
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specific goals, such as the NFL Combine 225-lb bench press test (McGee & Burkett, 2003). 1 
Local muscular endurance can be assessed through various means; however, the 2 
implementation of a relative muscular endurance test may provide a more accurate estimate 3 
with a clearer understanding of the mechanism underlying any differences observed. Another 4 
unique aspect of the present study was the investigation of sex-specific responses. The current 5 
consensus seems to illustrate that males and females develop muscular strength and muscle size 6 
similarly following resistance training programs (Gentil et al., 2016). However, in the current 7 
study, females in TRAD showed a greater muscular strength response compared to females in 8 
CLUS. There is some evidence that females compared to males are able to accumulate  a 9 
greater number of repetitions across sets performed to volitional exhaustion using a given load 10 
(i.e. superior fatigue resistance) (Salvador et al., 2009). Therefore, it is possible that females in 11 
CLUS compared to TRAD had a significantly greater number of repetitions in reserve 12 
following completion of sets. If this occurred, motor unit recruitment may not have been 13 
maximized during most sets which may have provided an inferior stimulus for muscular 14 
strength development compared to fatiguing sets (Sundstrup et al., 2012; Willardson, 2007).  15 
Certain limitations may have affected the results of the present study. First, although panoramic 16 
imaging has been validated for estimating muscle thickness and cross-sectional area of the 17 
quadriceps (Scott et al., 2017), further scrutiny is warranted when determining pectoralis major 18 
muscle thickness. Second, although our measurement of local muscular endurance was based 19 
on a constant relative load (i.e. 70% 1RM), the assessment of this outcome would have been 20 
strengthened through the addition of a traditional absolute muscular endurance assessment to 21 
ascertain any differences (if any) between the two measurements. Third, we recruited 22 
participants who had at least six months of resistance training experience; therefore, caution 23 
should be used when extrapolating the results to athletic populations. There was also a 24 
difference in the total rest accumulated between groups with the CLUS group accumulating 17 25 
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minutes of rest while TRAD accumulated 15 minutes of rest. TRAD therefore, performed the 1 
same work in a shorter time (i.e. greater external power output) and likely increased the 2 
magnitude of neuromuscular fatigue experienced compared to CLUS, which facilitates a more 3 
considerable difference in velocity loss between groups. Although subjects were instructed not 4 
to change their diet and to limit their physical activity external to the intervention (subjects 5 
reported diet and physical practices pre- and post-intervention), adherence was poor. As CLUS 6 
significantly increased body mass compared to TRAD, CLUS would likely have been in caloric 7 
surplus during the intervention which may have affected the response. Lastly, the cohort of 8 
recruited participants encompassed males and females. Although females showed differing 9 
between-group responses in muscular strength with no significant differences in the remaining 10 
variables, the sample size of males and females in each group was small and likely did not 11 
provide enough power for true differences to be observed. Given the initial findings from this 12 
analysis, this study may provide preliminary evidence for more extensive investigations on the 13 
topic. 14 
 15 
Practical Applications 16 
The prescription of a cluster- or traditional-set structure will likely influence the magnitude of 17 
velocity loss, and therefore, be indicative of the neuromuscular fatigue experienced during a 18 
training session. When seeking muscular strength development, the current study suggests that 19 
set-structure is likely to be unimportant within the context of a high-load training block. 20 
However, when seeking muscular hypertrophy, the prescription of traditional-set structures, in 21 
which significant velocity losses occur, is likely to lead to more favorable outcomes. However, 22 
cluster-set structures, in which small velocity losses occur during sets, do not appear to reduce 23 
muscle size and, therefore, can be safely implemented in certain phases of training without 24 
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fears of detraining effects. Coaches can also be made aware that set-structures that manipulate 1 
velocity loss with high loads does not impact endurance performance. As a final note, for those 2 
seeking increases in muscular strength without gains in muscle mass; such as athletes in 3 
weight-restricted sports, cluster-set structures may allow practice of heavy loads and 4 
neuromuscular adaptations. This would consequently reduce the influence of some factors that 5 
would lead to hypertrophy such as fatigue accumulation. This investigation is relevant for 6 
athletes and resistance trainers alike seeking improvement in muscle thickness and 7 
performance, especially when muscular strength is an essential characteristic of their success.  8 
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                                             Chapter 7: Effect of high-load resistance training using 2 
higher-volume cluster-sets versus lower-volume traditional-sets on muscular performance 3 
Effect of High-Load Resistance Training using Higher-Volume 4 
Cluster-Sets versus Lower-Volume Traditional-Sets on Muscular 5 
Performance 6 
 7 
Preface 8 
The findings in chapters 5 and 6 demonstrate that similar improvements in muscular strength, 9 
power and endurance can occur without affecting muscular hypertrophy or barbell velocity 10 
following cluster- or traditional-set structures performed with high loads. More importantly, 11 
findings were presented in cluster- and traditional set-structures that controlled for training 12 
volume allowing to assess the effectiveness of altering set-structure in isolation. Due to lower 13 
perceived exertion and greater maintenance of barbell velocity in cluster-set structures; a 14 
greater training volume can be accrued which may improve the stimulus applied. However, this 15 
is yet to be examined in the literature. The following chapter of this thesis addresses the 16 
influence of training volume on outcomes of muscular performance and also examines changes 17 
in the acute training response to identify if these variables play a role in the findings. 18 
 19 
  20 
Chapter 7: Effect of altering set-structure to increase volume load on muscular performance 
151 
Faculty of Health Sciences 1 
Author Contribution Statement 2 
 3 
Candidate Name: Timothy B. Davies 4 
Degree Title: Doctor of Philosophy (Health Sciences) 5 
Paper Title: Effect of high-load resistance training using higher-volume cluster-sets versus 6 
lower-volume traditional-sets on muscular performance 7 
As the research supervisor of the above candidate, I confirm that the above candidate has made 8 
the following contributions to the above paper title:  9 
- Conception and design of the research 10 
- Data collection 11 
- Analysis and interpretation of the findings 12 
- Writing the paper and critical appraisal of content 13 
 14 
Name: Daniel Hackett  Date 18/02/2019 15 
  16 
Chapter 7: Effect of altering set-structure to increase volume load on muscular performance 
152 
Abstract 1 
This study investigated whether a higher-volume cluster-set structure compared to a lower-2 
volume traditional-set structure results in superior improvements in muscle performance. 3 
Twenty-five resistance-trained individuals (male = 20, female = 5), were randomized into one 4 
of two bench press training routines performed for six weeks. Subjects used either a cluster-set 5 
structure (n = 12), involving six sets of five repetitions at 85% 1RM with 30 seconds inter-6 
repetition rest and three minutes of inter-set rest; or a traditional-set structure (n = 13) involving 7 
three sets of five repetitions at 85% 1RM with five minutes of inter-set rest. Muscular strength, 8 
force, velocity and power were assessed. Maintenance of mechanical performance and rating of 9 
perceived exertion (RPE) were analyzed during the initial and last week of training. Significant 10 
time effects were found for muscular strength (p < 0.001) and force (p < 0.001), but there were 11 
no significant group or group by time interactions. No significant time, group and group by 12 
time interactions were found for velocity and power. Group effects were found for maintenance 13 
of velocity and power (p < 0.001) with no significant time and group by time interactions. 14 
Group effects were found for RPE for CLUS sets 1-3 (p < 0.001), with no significant effect for 15 
sets 4-6 compared to TRAD. Despite the greater training volume performed with high-load 16 
cluster-sets compared to traditional-sets, similar training adaptations resulted over a 6-week 17 
period. Future studies are warranted to examine higher volume cluster-set structures using high 18 
loads on muscular performance over a longer period. 19 
20 
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Introduction 1 
Resistance training is an effective method for developing the key elements of muscular 2 
performance including muscular strength and power (Ratamess et al., 2009). Muscular 3 
performance is optimized through the careful manipulation of acute programming variables 4 
such as volume, load, rest period, frequency of training sessions, proximity to momentary 5 
muscular failure, movement velocity and exercise selection (Ratamess et al., 2009). Another 6 
acute training variable that may influence the development of muscular performance is the 7 
structure of sets within training sessions (Haff et al., 2003). Cluster set-structures incorporate 8 
intra-set or inter-repetition rest periods in conjunction with inter-set rest periods, which is 9 
solely utilized in traditional-set structures. Movement velocity gradually decreases during a 10 
traditional-set structure when lifting to momentary muscular failure and is inversely associated 11 
with fatigue (Sanchez-Medina & Gonzalez-Badillo, 2011). In contrast, there is greater 12 
maintenance of acute mechanical performance (e.g. velocity and power) with cluster set-13 
structures due to intra-set rest periods that allow for the replenishment of phosphocreatine 14 
energy stores (Gorostiaga et al., 2012) and removal of metabolic by-products (Oliver et al., 15 
2015). Additionally, perceived exertion (RPE) is lower with cluster set-structures compared to 16 
traditional set-structures (Mayo, Iglesias-Soler, & Fernández-Del-Olmo, 2014) which 17 
reinforces the reduced fatigue state when using the former. 18 
The acute effects of cluster-set structures on mechanical performance is well documented, but 19 
the impact of this training stimulus upon the adaptive responses to a resistance-training 20 
program is conflicting (Tufano et al., 2017). Furthermore, no studies have investigated whether 21 
the maintenance of mechanical performance and the lower RPE observed with cluster set-22 
structures compared to traditional set-structures remain throughout a training intervention, 23 
which may influence the training stimulus. Studies investigating the chronic effects of cluster-24 
set structures on muscular performance, which have controlled for training volume, found no 25 
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difference between groups for muscular strength and power (Asadi & Ramírez-Campillo, 2016; 1 
Byrd, Centry, & Boatwright, 1988; Hansen et al., 2011; Iglesias-Soler et al., 2016; Morales-2 
Artacho et al., 2018; Nicholson et al., 2016). However, greater training volume with a given 3 
load can be achieved with cluster-set structures compared to traditional-set structures. For 4 
instance, Iglesias-Soler et al., (2014) found that subjects performing a cluster-set structure with 5 
the back squat were able to perform almost ten-fold the number of repetitions compared with a 6 
traditional-set structure. Resistance training volume is arguably one of the most important acute 7 
programming variables to optimise muscular strength (Ralston et al., 2017). Consequently, a 8 
set-structure that facilitates higher training volumes may lead to greater increases in muscular 9 
strength (Marshall et al., 2011) and possibly muscular power given its association with strength 10 
(Cormie et al., 2011b). Therefore, the effects of cluster-set structures may be maximized when 11 
using a higher training volume compared to traditional-set structures.  12 
A recent study from Nicholson and colleagues (Nicholson et al., 2016) found that high-load 13 
cluster-set structures (85% and 90% 1RM), did not lead to improved muscular performance 14 
compared to a traditional-set structure (85% 1RM). Interestingly, this previous study also 15 
showed larger effect sizes for the traditional-set structure for muscular strength and power, 16 
although there were no significant differences when compared to the cluster-set groups. It 17 
should also be noted that the study from Nicholson and colleagues (Nicholson et al., 2016) 18 
found no differences in training volume accrued between-groups. However, the effect of high-19 
load cluster-sets using higher-volumes on muscular performance outcomes remain unknown.  20 
The purpose of this study was to investigate the effectiveness of high-load resistance training 21 
using higher-volume cluster-sets versus lower-volume traditional-sets on the development of 22 
muscular strength, force, velocity and power. A secondary purpose was to examine acute 23 
mechanical performance and perceived exertion across the intervention.  It was hypothesized 24 
that greater increases in muscular strength, force and power would be achieved following the 25 
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cluster-set structure while there would be no difference between-groups for velocity. Also, it 1 
was hypothesized that greater maintenance of mechanical performance and lower perceived 2 
exertion would be observed in the cluster-set group across the intervention period. 3 
 4 
Methods 5 
Experimental approach to the problem 6 
This study used a randomized comparative design with pre- and post-intervention testing. 7 
Training volume was deliberately manipulated with the cluster-set group (CLUS) performing 8 
six sets compared to three sets for the traditional-set group (TRAD). This ensured CLUS 9 
performed 12 sets per week and TRAD performed six sets per week which adheres to 10 
recommendations regarding optimal and minimal volumes for progression in muscular strength 11 
(Ralston et al., 2017). Both groups performed sets of five repetitions at 85% 1RM using only 12 
the bench press. For CLUS there was 30 seconds of inter-repetition rest and three minutes of 13 
inter-set rest (i.e., accumulation of single-repetitions within a set) while for TRAD there was no 14 
inter-repetition rest period (i.e., continuous repetitions within each set) and five minutes of 15 
inter-set rest. Subjects were instructed to maintain their habitual dietary practices and physical 16 
activity levels. Subjects that were engaged in resistance training prior to study enrolment were 17 
advised to cease any bench press training that was external to the intervention. Based on the 18 
training principle of specificity, improvements for the majority of muscular performance 19 
outcomes of interest were likely to be observed using the same relative load as in the 20 
intervention. Therefore, bench press force, velocity, and power (from a single repetition) was 21 
assessed using 85% 1RM. Muscular strength for the bench press was assessed using a 1RM. 22 
Maintenance of mechanical performance (force, velocity, and power) and RPE were assessed 23 
during all sets of the training sessions during the initial and final weeks of the intervention. 24 
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Upon the completion of baseline testing, subjects were randomized into CLUS and TRAD. 1 
Post-testing occurred ≥ 48 hours after the completion of the intervention period. 2 
Subjects 3 
Twenty-seven healthy individuals (seven females and 20 males) with at least six months of 4 
resistance training experience (including the bench press) volunteered to participate in the 5 
study. Two subjects dropped out at weeks five and six, respectively, due to injuries sustained 6 
outside of the intervention. As there were no results for post-testing, these subjects were 7 
excluded from analysis. Therefore, 25 subjects completed the study (Figure 7.1). Subjects were 8 
stratified by baseline 1RM bench press strength and sex and were single-blind randomized to 9 
either a cluster-set group (CLUS, n = 12, males: n = 10, females, n = 2) or a traditional-set 10 
group (TRAD, n = 13, males: n = 10, females: n = 3). Characteristics of subjects are presented 11 
in Table 7.1. Subjects were informed of the study purposes, procedures provided and all 12 
potential risks and benefits before written consent was obtained. Written informed consent was 13 
given by all subjects before commencing the study. The study was approved by the University 14 
Human Research Ethics Committee (project number: 2018/804). 15 
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 1 
Figure 7.1 Flow chart of subjects 2 
Table 7.1 Characteristics of subjects at baseline. 3 
 CLUS (n = 12) TRAD (n = 13) p 
Age (y) 19.72 ± 1.60 22.37 ± 5.29 0.12 
Sex (Male / Female) 10 / 2 10 / 3 N/A 
Height (cm) 174.63 ± 8.23 179.58 ± 7.76 0.14 
Body mass (kg) 75.68 ± 11.59 81.19 ± 13.70 0.29 
Resistance training experience (y) 3.36 ± 1.85 3.54 ± 2.20 0.82 
Bench press performance    
1RM (kg) 77.92 ± 24.51 76.35 ± 23.31 0.87 
Relative 1RM (kg/BM) 1.02 ± 0.24 0.93 ± 0.23 0.37 
MV (m·s-1) § 0.34 ± 0.10 0.38 ± 0.06 0.41 
MF (N)
 § 673.23 ± 210.31 655.70 ± 189.31 0.85 
MP (W)
 § 214.79 ± 65.27 245.11 ± 74.83 0.40 
CLUS = cluster-set group, cm = centimeters, kg = kilograms, m·s-1 = meters per second, MF 
= mean force, MP = mean power, MV = mean velocity, N = Newtons, p = p-value from 
independent-sample t-test, TRAD = traditional-set group, W = Watts, y = years, 1RM = one-
repetition maximum. 
Data are presented as mean ± SD. 
§ CLUS n = 11, TRAD n = 8. 
 4 
Figure 1: Flow chart of subjects  
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Drop-out 
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Procedures 1 
Resistance Training Intervention 2 
All subjects performed the bench press intervention twice per week for six weeks under the 3 
supervision of experienced and accredited strength and conditioning professionals affiliated 4 
with the Australian Strength and Conditioning Association and Powerlifting Australia. The 5 
supervisory personnel were not blinded to group allocation; however, all exercise instruction 6 
provided to subjects was consistent in delivery. At the beginning of each session, subjects 7 
completed two questionnaires pertaining to any change in their dietary and exercise habits. A 8 
warm-up was performed in all sessions involving band-resisted shoulder external rotations (two 9 
sets of 10 repetitions) and bench press consisting of five repetitions at 50% and 75% of the 10 
session’s barbell load. Beyond the warm-up prescription, the bench press exercise was the sole 11 
exercise performed throughout the intervention period. Subjects could continue their external 12 
exercise regimen but were encouraged not to change this whilst enrolled in the study. All 13 
external exercise was monitored throughout the intervention period using an exercise diary and 14 
changes in exercise habits were monitored prior to each session. During training sets for CLUS 15 
and TRAD, subjects were instructed to lower the barbell in a controlled manner (~1-2 seconds 16 
eccentric tempo) and to perform the concentric phase with maximal effort, which was 17 
facilitated through strong verbal encouragement. A 1RM bench press was conducted in prior to 18 
the first training session in weeks three and five to ensure the relative load (85% 1RM) was 19 
maintained throughout the intervention. attempt, subjects were given 10 minutes of rest to 20 
allow adequate recovery of the central nervous system before the first set commenced (Latella 21 
et al., 2016). Subjects rated their perceived exertion using the 0-10 RPE scale upon the 22 
completion of each set as used in Hackett, Johnson, Halaki, and Chow (2012). 23 
 24 
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Assessment of Muscular Strength 1 
Muscular strength was assessed by a 1RM bench press using a standard 20 kg barbell, weight 2 
plates (Iron Edge, Glen Iris, Victoria, Australia) and flat bench (Muscle Motion, Taren Point, 3 
New South Wales, Australia) according to the National Strength and Conditioning Association 4 
protocol (Sheppard & Triplett, 2016). An attempt was considered successful if the subjects’ 5 
hips, shoulders, and head remained in contact with the bench while their feet remained in 6 
contact with the base of the bench. Further, the barbell had to touch the chest during the descent 7 
(at approximately the upper sternum) in a controlled manner and then be pressed to straight 8 
arm’s length (i.e., full elbow lock-out) on the ascent. Subjects were given strong verbal 9 
encouragement to press the barbell with maximal concentric velocity to produce the highest 10 
effort possible.  11 
Each subject performed a warm-up involving shoulder external rotations with band resistance, 12 
as mentioned previously, followed by the bench press using sub-maximal loads based on 13 
previous experience. Specifically, participants performed ten repetitions with the barbell load, 14 
five repetitions at 50% estimated 1RM, five repetitions at 70% estimated 1RM, one repetition 15 
at 80% and 90% estimated 1RM. At the completion of the warm-up, subjects attempted 16 
incrementally heavier loads for one repetition with three to five minutes of rest between 17 
attempts. Upon a successful attempt, the barbell was increased a minimum of 2.5 kg until the 18 
load corresponding to the 1RM was found. When subjects were unsuccessful with a trial, a re-19 
attempt was offered with the same load and this performed following a rest period of three to 20 
five minutes. If a second consecutive unsuccessful trial resulted, the 1RM was determined as 21 
the highest load that was successfully completed. The 1RM test was performed twice at 22 
baseline (separated by ≥ 48 hours) for reliability purposes and the best 1RM from the two trials 23 
was used for analysis. 24 
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 1 
Assessment of Force, Velocity and Power 2 
Force, velocity and power was assessed by performing a single repetition using the bench press 3 
at 85% 1RM, 10 minutes following 1RM testing. For reliability purposes, the assessment was 4 
performed one two occasions at baseline (similar to the 1RM assessment). The same relative 5 
load was used for post-testing to control for individual change in muscular strength. With a 6 
GymAware linear position transducer (Kinetic Performance Technology, Mitchell, Australian 7 
Capital Territory, Australia); force (N), velocity (m·s-1) and power (W) was determined through 8 
using the GymAware Pro© software. The following variables were derived from; velocity (m·s-9 
1), force (N) and power (W). Only mean values, as opposed to peak values, were reported to 10 
provide a better indication of a full concentric phase for the bench press. Mean velocity was 11 
defined as the change in displacement with respect to the duration of the concentric phase. 12 
Mean force was defined as the acceleration of the barbell multiplied by the mass of the barbell. 13 
Finally, mean power was defined as the product of force output and velocity. Due to logistical 14 
issues with the availability of the GymAware unit, complete datasets (i.e. pre- and post-15 
intervention) could only be obtained for 19 subjects (CLUS n = 11, one female; TRAD n = 8, 16 
one female). As such, statistical analysis of force, velocity and power was conducted with this 17 
sub-sample. 18 
 19 
Assessment of Mechanical Performance during Training 20 
Maintenance of mechanical performance was assessed during the initial and final weeks of the 21 
intervention (i.e. weeks one and six). The mechanical performance variables measured include; 22 
force, velocity and power using the GymAware linear position transducer as outlined above. 23 
The ability to maintain mechanical performance within each set was calculated using a 24 
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previously described equation by Tufano and colleagues (Tufano et al., 2016). Briefly, this 1 
equation uses the average value within each set and compares this to the value for the initial 2 
repetition performed which allows for the entire set to be analyzed.  3 
 4 
Statistical Analysis 5 
All analyses were performed using SPSS (Version 24) software for Windows (SPSS, Chicago, 6 
Illinois, United States of America) and Excel (2016) software for Windows (Microsoft, 7 
Redmond, Washington State, United States of America). Assumptions of normality of the 8 
distribution of outcome data were assessed using the Shapiro-Wilk test. All data were found to 9 
meet the assumption of normality and parametric testing was employed. Reliability was 10 
assessed using intraclass correlation coefficients (ICC) and the coefficient of variation (CV) 11 
with 95% confidence intervals for both analyses. Interpretation of reliability scores are as 12 
follows; ICC: < 0.5 poor, 0.5 to 0.75 moderate, > 0.75 to 0.9 good and > 0.9 excellent 13 
reliability (Koo & Li, 2016); CV: < 5% good, 5 – 10% moderate and > 10% poor reliability. 14 
Baseline characteristics of all subjects were analyzed using independent samples t-tests.  15 
Primary effects of resistance training on muscular performance (i.e. muscular strength, force, 16 
velocity and power) were analyzed using a 2 x 2 (group by time) repeated measures analysis of 17 
variance (ANOVA) with a post-hoc Bonferroni adjustment for multiple comparisons. Estimates 18 
of effect size (ES) were calculated using standardized differences in means (Cohen’s d, mean 19 
difference divided by pooled standard deviation) (Comprehensive Meta-Analysis, Biostat, 20 
Englewood, New Jersey, USA) for between-group effects. For within-group effects, the 21 
independent groups ES was used as suggested by Morris and DeShon (Morris & DeShon, 22 
2002). Repetitions, load and training volume for the bench press were analyzed using 23 
independent-samples t-tests. ES were interpreted as; <0.2, 0.6, 1.2, 2.0 and >4.0 for small, 24 
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moderate, large, very large and extremely large effects, respectively (Hopkins et al., 2009). 1 
Maintenance of mechanical performance and RPE across the first three sets only were also 2 
assessed using 2 x 2 (group by time) repeated measures ANOVA with a post-hoc Bonferroni 3 
adjustment. Additionally, for CLUS, the first three sets were compared to the final three sets 4 
using the same statistical analysis method.  For all analyses, an alpha level of significance was 5 
set at p < 0.05. 6 
 7 
Results 8 
There were no significant between-group differences at baseline for any variable (Table 7.1). 9 
Muscular strength for the bench press (i.e. 1RM at baseline was highly reliable (ICC = 0.996, 10 
95% CI: 0.991 to 0.998; CV% = 1.81, 95% CI: 0.98 to 2.64). There was high compliance for 11 
the intervention with 98.61 ± 3.24% and 98.72 ± 3.13%, for CLUS and TRAD, respectively. 12 
Information gathered from resistance training intervention is presented in Table 7.2. As was the 13 
nature of the intervention, CLUS completed significantly more repetitions compared to TRAD 14 
(p < 0.001, ES = 7.44); however, the number of repetitions completed relative to the number of 15 
repetitions prescribed were similar between groups (p = 0.95, ES = 0.03). No significant 16 
differences in the average relative load between groups were found (p = 0.92, ES = -0.04). 17 
CLUS accrued a significantly greater volume-load throughout the intervention period compared 18 
to TRAD (p < 0.001, ES = 2.05). When volume-load was expressed relative to each set 19 
performed, there were no significant differences between groups (p = 0.87, ES = 0.07), thus 20 
indicating that CLUS performed a greater volume by the addition of sets only.  21 
 22 
  23 
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Table 7.2 Repetitions, load and training volume for the bench press over the intervention period. 1 
2 
 CLUS (n = 12) TRAD (n = 13) p ES 
Sessions completed (%) 98.61 ± 3.24 98.72 ± 3.13 0.90 -0.03 
Total repetitions completed 344.75 ± 30.04 172.31 ± 13.08 <0.001* 7.44 
Repetitions completed (%) 96.99 ± 6.51 96.85 ± 4.71 0.95 0.03 
Average relative load (%1RM) 86.19 ± 0.16 85.19 ± 0.27 0.92 -0.04 
Average bench press session volume-load (kg) 4,056.30 ± 1,289.16 1,986.21 ± 623.22 <0.001* 2.05 
Average session volume-load per set (kg) 676.05 ± 214.86 662.07 ± 207.74 0.87 0.07 
CLUS = Cluster-set group, ERF = estimated repetitions to failure, kg = kilograms, RPE = rating of perceived 
exertion, TRAD = traditional-set group, 1RM = one-repetition maximum. 
Data are presented as mean ± SD. 
* Significant difference between groups (p < 0.05). 
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Muscular Performance 1 
Results and ES data from all muscular performance outcomes are presented in Table 7.3. The 2 
time-course of bench press 1RM development across the intervention period is presented in 3 
Figure 7.2. A significant time effect was found for 1RM bench press compared to post-testing 4 
(p < 0.001) with very large ES for CLUS (ES = 3.26) and TRAD (ES = 2.25). There was no 5 
significant group effect or group by time interaction with trivial between-group differences (ES 6 
= 0.02). Regarding the time course, significant improvements in bench press 1RM were 7 
observed by week 3 of the intervention period (p < 0.001) which ceased at week 5 of the 8 
intervention (Figure 7.2). There were no significant between-group differences in the time-9 
course of bench press 1RM development. With regard to force, a significant time effect was 10 
found (p < 0.001) with very large ES for CLUS (ES = 3.03) and TRAD (ES = 3.98). There was 11 
no significant group effect or group by time interaction with a trivial between-group difference 12 
(ES = -0.02). The results for velocity showed no time effect although there were small within-13 
group differences for both groups (ES = -0.29 for CLUS and ES = -0.23 for TRAD). No 14 
significant group effect, or group by time interaction was found, although there was small 15 
between-group difference favouring CLUS (ES = 0.23). Concerning power, there was no 16 
significant time effect, however within-group analysis revealed a greater ES for CLUS (ES = 17 
0.48) compared to TRAD (ES = 0.03). There was no significant group effect or group by time 18 
interaction with a small between-group difference favouring CLUS (ES = 0.37).  19 
 20 
  21 
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Table 7.3 Changes in muscular performance during and following the intervention period. 1 
  2 
 CLUS (n = 12)  TRAD (n = 13)  ANOVA (p) 
 Pre Post 
ES 
[95% CI] 
 
Pre Post 
ES 
[95% CI] 
 
T G G x T 
ES 
[95% CI] 
1RM Bench Press (kg) 77.92 ± 24.51 86.67 ± 25.66 
3.26 
[2.04, 4.48] 
76.35 ± 23.31 84.81 ± 24.74 
2.25 
[1.27, 3.23] 
<0.001* 0.86 0.84 
0.02 
[-0.77, 0.80] 
MV (m·s-1) § 0.36 ± 0.10 0.34 ± 0.10 
-0.29 
[-1.13, 0.55] 
 
0.38 ± 0.07 0.34 ± 0.09 
-0.23 
[-0.56, 1.01] 
 
0.12 0.68 0.65 
0.23 
[-0.7, 1.13] 
MF (N) 
§ 669.93 ± 209.23 750.09 ± 216.34 
3.03 
[1.80, 4.25] 
710.61 ± 121.19 794.08 ± 149.56 
3.98 
[2.29, 5.67] 
<0.001* 0.89 0.96 
-0.02 
[-0.93, 0.89] 
MP (W) 
§ 222.38 ± 68.67 246.66 ± 87.50 
0.48 
[-0.37, 1.33] 
267.44 ± 53.47 268.63 ± 77.48 
0.03 
[-0.95, 1.01] 
0.31 0.70 0.47 
0.37 
[-0.57, 1.27] 
CLUS = cluster-set group, ES = effect size, G x T = group by time interaction, G = group effect, kg = kilograms, m·s-1 = meters per second, MF = mean force, MP = mean power, MV 
= mean velocity, N = Newtons, Pre = pre-training/baseline testing,  TRAD = traditional-set group, T = time effect, W = Watt, 95% CI = 95% confidence interval. 
Data presented as mean ± SD. 
* Significant main effect. 
§ CLUS n = 11, TRAD n = 8 
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 1 
Figure 7.2. Time-course of muscular strength adaptation across the intervention period. 2 
* Significantly different (p < 0.05) from previous timepoint. 3 
CLUS = cluster-set group, TRAD = traditional-set group. 4 
* 
* 
* 
* 
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Maintenance of Mechanical Performance and RPE 1 
Results for the maintenance of force, velocity and power during the initial and final weeks of 2 
training are presented in Figure 7.3, respectively. With regard to maintenance of force during 3 
training, there were no significant time effect, group effect or group by time interaction. 4 
Concerning the maintenance of velocity, a significant group effect was found suggesting 5 
greater maintenance of velocity occurred for CLUS compared to TRAD (p < 0.001). The time 6 
effect was found to slightly miss significance (p = 0.05), whereas there was no significant 7 
group by time interaction. Similar to the maintenance of velocity, there was a significant group 8 
effect for power indicating a greater maintenance for CLUS compared to TRAD (p < 0.001). 9 
The time effect slightly missed significance (p = 0.05) and there was no significant group by 10 
time interaction. Within CLUS only, there were no significant differences found for 11 
maintenance of force, velocity and power between sets one and three and between sets four and 12 
six. Moreover, the maintenance of velocity and power for sets four to six in CLUS were found 13 
to be significantly greater compared to TRAD (velocity: p = 0.001; power: p < 0.001). Across 14 
the intervention period, there were significant decreases in velocity and power maintenance; 15 
however, this decrease was not significantly different between-groups. There were no 16 
significant differences in the maintenance of force between-groups or across the intervention.  17 
Results for RPE across the intervention are presented in Figure 7.3. There was a significant 18 
time effect showing an increase in average RPE from the initial to the final week of the 19 
intervention (p < 0.001). Additionally, there was a significant group effect indicating a greater 20 
average RPE for TRAD compared to CLUS (p < 0.001). However, there was no significant 21 
group by time interaction. Within CLUS only, there was a significant difference found between 22 
sets one to three and sets four to six (p = 0.001) suggesting greater RPE values for the latter 23 
sets. When sets four to six in CLUS were compared to TRAD, there was a significant time 24 
effect (p < 0.001) but there were no differences in RPE between groups. 25 
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 1 
Figure 7.3. Changes in velocity, force, power and RPE across the intervention period. 2 
* significantly different to week 1; $ significantly different to TRAD; # significantly different to CLUS Set 4-6.3 
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Discussion 1 
This study aimed to compare higher-volume cluster-set structures and lower-volume 2 
traditional-set structures with high-loads using the bench press on muscular performance. 3 
Despite CLUS accruing two-fold the training volume compared to TRAD; muscular strength, 4 
force, velocity and power did not differ between groups following the intervention. Therefore, 5 
this finding was contrary to the original hypothesis of greater muscular strength and power in 6 
CLUS. A secondary purpose of the study was to investigate acute mechanical performance and 7 
perceived exertion across the intervention. The ability to maintain velocity and power was 8 
greater for CLUS compared to TRAD, which was in agreement with the study hypothesis. 9 
However, there was a tendency for a reduction in the maintenance of velocity and power across 10 
the intervention which was not influenced by the different set-structures. Additionally, RPE 11 
was greater for TRAD when compared to the first three sets of CLUS but were similar 12 
compared to the final three sets. There were similar increases in RPE across the intervention for 13 
both groups. Compliance with the intervention was high with no adverse events reported. It 14 
appears that greater training volumes using a cluster-set structure result in similar muscular 15 
performance adaptations compared to a lower-volume traditional-set structure when using high 16 
loads.  17 
The majority of studies that have found no difference between cluster-set versus traditional-set 18 
structures had controlled for training volume (Asadi & Ramírez-Campillo, 2016; Byrd et al., 19 
1988; Hansen et al., 2011; Iglesias-Soler et al., 2016; Lawton et al., 2004; Morales-Artacho et 20 
al., 2018; Nicholson et al., 2016; Oliver et al., 2013; Rooney et al., 1994; Zarezadeh-Mehrizi et 21 
al., 2013). Since cluster set-structures offer the advantage of accumulating a greater training 22 
volume for a resistance exercise at a given load compared to traditional-set structures (Iglesias-23 
Soler et al., 2014), it is surprising that no previous studies had examined the effects of higher-24 
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volume cluster-set structures. The present study found that gains in muscular strength during a 1 
short-term intervention (i.e. 6 weeks) is not affected by set structure and training volume 2 
provided a high-load be prescribed. Neurological factors make their greatest contribution to 3 
muscular strength during early stages of a resistance training program in novices (~ ≤ 12 4 
weeks) (Moritani & DeVries, 1979; Rutherford & Jones, 1986). Additionally, the subjects in 5 
this study were considered fair based on their baseline relative 1RM for the bench press being 6 
1.06 ± 0.18 kg/kg of body mass for males and 0.64 ± 0.09 kg/kg of body mass for females 7 
(Cooper Institute, 2007). Therefore, it is possible that changes in muscular strength for the 8 
present study were mainly driven by neurological factors, which appear to be influenced more 9 
by training load than volume (Barbalho et al., 2018; Schoenfeld et al., 2019). Since training 10 
load was controlled, this would explain why there were similar increases in strength between 11 
groups despite CLUS accruing double the training volume as TRAD. Furthermore, the benefit 12 
of a higher-volume cluster-set structure might only be realized when the training program is of 13 
a longer duration. This is supported by Radaelli et al. (2015) where inexperienced trainers 14 
performing the highest weekly volume achieved the greatest increases in muscular strength 15 
following a 6-month resistance training program. 16 
Resistance training volume is an important acute programming variable that positively 17 
influences muscular strength and hypertrophy (Ralston et al., 2017; Schoenfeld, Ogborn, et al., 18 
2017). Evidence suggests that only a modest increase in strength development results beyond 19 
three sets per exercise (Krieger, 2009; Ralston et al., 2017). As such, the training stimulus 20 
provided by the additional sets for CLUS was not great enough to induce superior changes in 21 
muscular strength, at least over a short-term period. However, a recent study conducted by 22 
Schoenfeld et al. (2019) comparing the effects of resistance training with either 1, 3, or 5 sets 23 
over an 8-week duration, found similar increases in muscular strength across groups. This 24 
previous study also found that higher training volumes were a potent stimulus for inducing 25 
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muscle hypertrophy during relatively short training durations. Unfortunately, the present study 1 
did not assess changes in muscular hypertrophy and future research studies investigating the 2 
effects of higher-volume cluster-set structures should endeavour to include this measure.  3 
Cluster-set structures enable the maintenance of greater power outputs compared to traditional-4 
set structures (Haff et al., 2003), which arguably may provide a greater training stimulus for 5 
muscular power development (Tufano et al., 2017). The present study is the first to investigate 6 
whether the maintenance of mechanical performance with cluster set-structures remain 7 
throughout a training intervention. The maintenance of force did not differ between groups, 8 
however CLUS were able maintain barbell velocity and power output more effectively than 9 
TRAD. In addition, since maintenance of barbell velocity and power output for CLUS was not 10 
different between the first three sets compared to final three sets, the higher training volume did 11 
not have a negative effect on these performance variables. However, between the groups, 12 
maintenance of mechanical performance did not change from the initial to the final week of the 13 
intervention. Despite CLUS having better maintenance of barbell velocity, this did not translate 14 
into an improvement in barbell velocity following the intervention. This agrees with results 15 
from previous studies where no change in movement velocity following lower body resistance 16 
training utilizing different set-structures was observed (Hansen et al., 2011). Further, it seems 17 
that the development of velocity is optimized when using very light loads compared to the high 18 
loads used in the present study (Kaneko et al., 1983). Muscular power development between 19 
groups also did not differ which is similar to other studies examining cluster- versus traditional-20 
set structures using high loads (e.g. ≥ 80% 1RM) (Lawton et al., 2004; Nicholson et al., 2016). 21 
Therefore, even with an increased training volume, cluster- compared to traditional-set 22 
structures do not appear to be a superior training practice for muscular power development 23 
when using high loads, at least over the short-term.  24 
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Based on acute studies, a lower perceived exertion when performing resistance training with 1 
cluster- compared to traditional-set structures (Mayo et al., 2014). This suggests that cluster-2 
sets are a potential technique to minimize fatigue-related risks throughout a training cycle 3 
(Duffey & Challis, 2007). However, prior to the current study it was unknown whether a lower 4 
RPE response with cluster- compared to traditional-set structures would remain throughout a 5 
training intervention. When comparing the first three sets of CLUS with TRAD across the 6 
intervention, RPE was lower for CLUS. This confirms the fatigue-reducing effects of cluster- 7 
compared to traditional-set structures during an intervention when volume is matched. 8 
However, when the last three sets of CLUS were compared to TRAD, there were similar RPE 9 
responses. Therefore, the fatigue reducing effects appear to be lost when cluster-sets are 10 
performed with greater training volumes. In addition, it appears that an increased RPE for 11 
CLUS was not indicative of a superior training stimulus, at least in the short-term.  12 
There are several limitations in the current study that should be noted. Even though we 13 
attempted to monitor diet and external physical activity, we were unable to quantify any 14 
changes across the intervention period in terms of total calories consumed and expended. This 15 
may have had an effect on the response to training; however, subjects reported to have not 16 
changed caloric intake or external physical activity in > 90% of occasions when asked (i.e. 17 
prior to each session). The training intervention included the bench press only and subjects 18 
were able to continue participating in their own external resistance training program which may 19 
have had some influence on the results of the study. However, since subjects were instructed 20 
not to change external physical activity throughout the intervention and were regularly 21 
instructed to reported any changes; this may have discouraged them from significantly altering 22 
their training. Regardless, external exercise habits of subjects were analysed at the beginning 23 
and end of the intervention and there were no changes in the dose of external exercise over the 24 
intervention period and between-groups. The inclusion of male and female subjects into the 25 
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intervention may have influenced the results of the study which is based on evidence that males 1 
and females differ with acute responses during resistance training (Crewther, Keogh, Cronin, & 2 
Cook, 2006). Also, there were logistical issues with utilizing the GymAware unit during the 3 
intervention which only allowed a sub-sample of subjects to be analyzed for the measurement 4 
of force, velocity and power. Although, this sub-sample represented 76% of the total cohort and 5 
a slightly disproportionate distribution (CLUS = 11, TRAD = 8), it is unlikely that overall 6 
results would have been affected. For the assessment of force, velocity and power, only one 7 
trial was given for analysis; therefore, it is possible that performances may not have reflected 8 
true capabilities. This study compared higher-volume cluster- and lower-volume traditional-set 9 
structures which implies two variables are manipulated in the design, it is therefore difficult to 10 
isolate the influence of these variables independently. To gain further understanding of the 11 
effect of training volume using cluster-set structures, a study design that manipulates training 12 
volume using the same set-structure as well as including a volume-matched traditional-set 13 
group is warranted. 14 
In conclusion, the results of the current study suggest higher-volume CLUS and lower-volume 15 
TRAD using high loads with the bench press produce equivocal improvements in muscular 16 
performance. During training, there was a greater maintenance of velocity and power across the 17 
intervention in CLUS compared to TRAD. Whereas, perceived exertion was only lower in 18 
CLUS compared to TRAD when a similar training volume was accrued. It appears that a 19 
greater training volume with cluster-set structures do not offer any advantage over a lower-20 
volume traditional-set structure for muscular performance development over a short-term 21 
period. Therefore, researchers on this topic are encouraged to investigate effects of higher-22 
volume cluster-set structures on muscular performance variables over the long-term. 23 
 24 
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Practical Applications 1 
For coaches interested in implementing cluster-sets, it is recommended that higher loads are 2 
used which have been shown to produce a greater effect on muscular strength which may 3 
improve force-derived increases in muscular power. Since greater training volumes within a 4 
cluster-set structure do not appear to enhance training stimuli compared to lower-volume 5 
traditional-set structure, coaches can, therefore, choose one of these practices which best suits 6 
the circumstances surrounding the athlete (e.g. time commitment, competition schedule and 7 
interests). Moreover, coaches should be aware that when programming cluster-set structures 8 
with high volumes, greater maintenance of mechanical performance will be sustained 9 
throughout a session. However, perceived exertion toward the final sets of a high-volume 10 
cluster-set structure is likely to increase to similar levels seen in a traditional-set structure, 11 
when high loads are employed. This may have implications for the fatigue experienced and 12 
recovery practices of athletes. Lastly, the programming of different set-structures during 13 
resistance training will influence training session time. Therefore, coaches can choose between 14 
a greater average exertion with the trade-off of a shorter training session (i.e. traditional set-15 
structures) or less average exertion with the trade-off of a longer training session (i.e. cluster-16 
set structures). 17 
 18 
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Summary of Findings 1 
The participation in regular resistance training is highly effective for improving muscular 2 
performance. However, considerable debate remains whether the degree of muscular fatigue 3 
that accumulates during each set is of paramount importance in developing muscular strength, 4 
with some arguing that power output is impaired but muscular endurance is optimized 5 
following resistance training that results in greater fatigue. The alteration of set-structure allows 6 
the manipulation of the extent in which muscular fatigue is accumulated during sets. Although, 7 
most research to date has demonstrated clear differences in acute performance between set-8 
structures, little evidence has been provided for investigating chronic effects of set-structure 9 
alteration, particularly following resistance training with high loads. To address these concerns, 10 
this thesis contains a series of studies investigating the impact of set-structure and high training 11 
loads on the development of muscular strength, power output, relative muscular endurance and 12 
muscular hypertrophy. In addition, mechanical performance and perceived exertion between 13 
set-structures was measured to ascertain any differences that may have contributed to muscular 14 
performance development. 15 
The primary aims of this thesis were to: 16 
1. Systematically review and statistically analyse the studies investigating the effects of 17 
resistance training to muscular failure compared to deliberate non-failure resistance 18 
training on muscular strength development. A secondary aim was to investigate if 19 
variables such as age, training status and training volume would affect the results found; 20 
2. Systematically review and statistically analyse the studies investigating the effects of 21 
intentional movement velocity with training volume controlled on the development of 22 
muscular strength. A secondary aim was to investigate whether age, training status and 23 
load affected the results obtained; 24 
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3. Investigate the role of experienced fatigue and movement velocity during resistance 1 
training via the alteration of set-structure on the development of muscular strength, power 2 
output, barbell velocity and acute training session performance; 3 
4. Investigate the role of experienced fatigue and movement velocity during resistance 4 
training via the alteration of set-structure on the development of muscular hypertrophy 5 
and relative muscular endurance; 6 
5. Investigate greater training volumes within cluster-set structures compared to traditional-7 
set structures on the development of muscular performance variables along with changes 8 
in training session performance and exertion. 9 
The findings of the systematic review and meta-analysis presented in Chapter 3 support the first 10 
hypothesis in this thesis in that training to momentary muscular failure did not show a 11 
significant difference compared to deliberate non-failure training. Furthermore, the data 12 
indicated that training volume, training status and the type of exercise did not influence the 13 
findings. Implications of these findings suggest that the discomfort and perceived exertion that 14 
occurs during the performance of repetitions to momentary muscular failure is unwarranted in 15 
the development of muscular strength. Further, if training to momentary muscular failure is 16 
implemented as part of a training program, caution is warranted due to the higher risk of injury 17 
associated with greater fatigue states. Given the low number of studies in this review (n = 8) 18 
with half choosing to control for training volume, this meta-analysis highlights the importance 19 
of future research to determine the benefits or detriments of muscular fatigue during training on 20 
muscular strength development across a myriad of training variables, particularly, high loads. 21 
To ascertain any differences in intentional movement velocity during training on muscular 22 
strength development, the systematic review and meta-analysis outlined in Chapter 4 was 23 
performed to address the second aim of this thesis. Results of this study indicated that 24 
movement velocity does not play a significant role in the development of muscular strength, 25 
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although a trend was found for moderate loads (i.e. 60 – 79% 1RM) favouring fast velocities. 1 
This finding confirms primary hypothesis 2 of the current thesis in addition to secondary 2 
hypotheses as training status and age did not to influence the results. Therefore, this study 3 
indicates that a variety of concentric movement velocities can be prescribed when seeking to 4 
improve muscular strength with a minor benefit for fast resistance training being offered for 5 
moderate intensities, although this finding requires further study. 6 
As a method of altering the experienced fatigue and movement velocity during training, 7 
Chapter 4 examined the effects of high load cluster- and traditional-set structures on muscular 8 
strength, power output and barbell velocity at a variety of loads in addition to training 9 
performance which addressed the third aim of this thesis. There were no significant between-10 
group differences in the change for muscular strength, power output and movement velocity 11 
following training with CLUS maintaining barbell velocity during training to a greater extent 12 
compared to TRAD. The results of this study confirmed only part of Hypothesis 3 of this thesis 13 
in which muscular strength was equally developed between groups and barbell velocity 14 
maintenance was greater in CLUS compared to TRAD. However, the change in power output 15 
and movement velocity disagreed with Hypothesis 3. The high-loads use in this study is likely 16 
to have contributed to these findings as the similar increase in muscular strength between 17 
groups may have caused an increased in force output with an absence of any improvement in 18 
velocity. This shows that increases in power output following a resistance training program 19 
utilizing high loads is possibly due to changes in the force-producing capacity of the 20 
neuromuscular system. The results of this study reiterate that muscular strength is a primary 21 
driver of the resistance training-induced gain in muscular power independent of the set-22 
structure utilized during training. 23 
To determine if the muscular fatigue state during training had an impact on muscular 24 
hypertrophy and relative muscular endurance, a randomized comparative study was performed 25 
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to address the fourth aim of this thesis. The findings supported Hypothesis 4 in which muscular 1 
hypertrophy (as measured by total lean body mass and site-specific muscle thickness and cross-2 
sectional area) and relative muscular endurance did not significantly differ between groups. 3 
The results for muscular hypertrophy support the research on the topic in that the alteration of 4 
set-structure does not affect subsequent gains in muscular cross-sectional area and suggest that 5 
experienced fatigue during sets does not impact the development of muscle size when high 6 
loads are employed. This study is the first to assess relative muscular endurance following 7 
resistance training of different set-structures which take into account changes in muscular 8 
strength. Even though no significant between-group differences were found, there was a trend 9 
that indicated that CLUS may have better developed relative muscular endurance compared 10 
TRAD. This may have been due to an improved movement efficiency that occurs following 11 
training with reduced fatigue. The results of this study also indicate that the difference in 12 
experienced fatigue during training with high loads does not appear to affect the ability to 13 
perform repetitions to failure with a given relative load. 14 
Finally, to investigate the effect of volume-load within different set-structures on muscular 15 
performance variables, a randomized comparative design was undertaken to address the final 16 
hypothesis of this thesis. Moreover, changes in mechanical performance in perceived exertion 17 
were assessed throughout the intervention period to examine acute training stimuli and 18 
intensity. Although CLUS performed double the volume-load compared to TRAD, findings 19 
indicated that muscular strength increased similarly between set-structures which therefore led 20 
to a similar increase in power output with no change in movement velocity. During training, 21 
perceived exertion was lower in CLUS compared to TRAD and significantly increased across 22 
the intervention period with no difference between groups. CLUS was also able to significantly 23 
maintain barbell velocity and power output during training compared with no differences 24 
throughout the intervention. There were no differences in the maintenance of force production 25 
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during sets. Thus, perceived exertion during training and maintenance of mechanical 1 
performance were all in agreement with the final hypothesis of this thesis. However, the 2 
development of muscular performance variables were not impacted by training volume; 3 
therefore, muscular strength and power output did not agree with the final hypothesis. 4 
Therefore, the addition of greater training volumes with high loads which can be better 5 
tolerated within CLUS compared to TRAD does not offer an advantage in developing muscular 6 
performance variables. The implications of this study suggest that higher training volumes in 7 
conjunction with high-load resistance training may not provide a greater stimulus for adaptation 8 
when applied within a cluster-set structure. Moreover, the acute differences in mechanical and 9 
exertional responses observed during training between CLUS and TRAD do not appear to be 10 
representative of subsequent adaptation. 11 
 12 
Practical Applications 13 
The findings from both systematic reviews and meta-analyses in this thesis have significant 14 
practical applications for the wider resistance training community. First, the findings from 15 
Chapter 3 suggested that training to momentary muscular failure does not lead to superior gains 16 
in muscular strength. This suggests that the accumulation of muscular fatigue that occurs with 17 
training to momentary muscular failure is not a necessary occurrence when seeking to develop 18 
muscular strength from a resistance training intervention. Therefore, trainers seeking to 19 
increase muscular strength can choose between fatiguing or non-fatiguing sets, assuming an 20 
appropriate training volume is accrued. The findings were also independent of training status 21 
and the type of exercise which allows coaches and trainers to utilize these findings with a wide 22 
variety of population types and exercises throughout a periodized training plan. Secondly, the 23 
findings from Chapter 4 indicate no significant differences between fast and moderate-slow 24 
velocities during resistance training, although a trend for fast velocities were found when using 25 
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moderate loads (i.e. 60-79% 1RM) during training. Coaches and trainers, therefore, seem to be 1 
free to choose an appropriate movement velocity based on factors such as injury history and 2 
interest. Moreover, these findings occurred independent of age and training status 3 
demonstrating that variation of prescription of movement velocity can occur across a wide 4 
range of ages and training experiences with confidence of similar progression in muscular 5 
strength. 6 
In volume equated conditions, the alteration of set-structure, although providing different acute 7 
training session responses, does not provide a superior stimulus in the development of a vast 8 
array of muscular performance variables. However, CLUS seems to able to reduce the 9 
experienced fatigue during training which, in turn, may decrease the need for long recoveries 10 
between training bouts or to suppress fatigue prior to competitions in various sports. The load-11 
velocity profile indicated that barbell velocity may reduce at particular relative loads following 12 
a block of high-load resistance training designed to improve muscular strength which is does 13 
not seem to be impacted by set-structure. Moreover, of great importance to strength and 14 
conditioning coaches, the development of muscular power following high-load training blocks 15 
appears to be purely driven by increases in force output as opposed to velocity, independent of 16 
set-structure utilized during training. The fatiguing nature of TRAD structures provide no 17 
benefit when seeking to improve relative muscular endurance, in contrast, CLUS structures 18 
may provide a benefit in improving the efficiency of movement, thus decreasing the energy 19 
expended per repetition. When seeking muscular hypertrophy, set-structure appears to not 20 
influence gains or losses in muscle cross-sectional area, therefore, coaches can prescribe high- 21 
load cluster-set structures with confidence that no losses in muscle cross-sectional area will 22 
occur. When cluster-set structures are used to accrue a greater training volume, it appears that 23 
coaches have a choice in selecting a set-structure that best suits the needs of the athlete with no 24 
likely repercussions in muscular performance variables. When cluster-set structures are 25 
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prescribed over a short-term training block, there may be a loss in the ability to maintain 1 
barbell velocity, albeit a small loss, which has implications for the accrual of fatigue and 2 
recovery. As there were a greater number of rest periods in the cluster-set group, this would 3 
subsequently increase the time elapsed during training which needs to be considered when 4 
structuring individual training sessions. Moreover, a trade-off exists between training session 5 
time and perceived exertion in which a greater recovery time and lower perceived exertion 6 
from cluster-set structures is likely to increase training session duration and vice versa. 7 
 8 
Limitations and Future Directions 9 
There are limitations in this thesis concerning the design and implementation of all chapters 10 
that should be considered when interpreting the results of this thesis. Within Chapter 3, the 11 
exercise interventions within each study analyzed differed in terms of exercise selection, 12 
movement velocity, loading and rest periods between sets. The level of resistance training 13 
experience also varied which does not allow extrapolation to specific population types. The 14 
intervention period of most studies included were between six and eight weeks in length so any 15 
inferences for long-term training is currently unknown. The main limitation of Chapter 3 was 16 
the inclusion of eight studies into the meta-analysis of which half controlled for training 17 
volume-load within their intervention. Similar limitations were found in Chapter 4 compared to 18 
Chapter 3 with a limited number of studies investigating the effects of movement velocity over 19 
various population types, specifically, very few studies utilized highly trained participants who 20 
commonly used advanced training techniques to vary the stimulus over the long-term. 21 
Moreover, the findings from the current systematic reviews are relevant for measures of 22 
dynamic muscular strength so it is therefore unknown whether isometric and isokinetic strength 23 
responds in the same manner. Further research is therefore warranted to examine the effect of 24 
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failure versus non-failure and fast versus moderate/slow resistance training on measures of 1 
muscular strength and different population types, specifically highly trained participants which 2 
will, in turn, strengthen future meta-analyses. 3 
Within all chapters, a power analysis was performed which estimated that 26 subjects were 4 
required to detect significant differences between groups across the intervention length (i.e. 6-5 
12 weeks). Unfortunately, we fell short of the required numbers which may have led to the 6 
studies being under-powered to observe true changes. The training interventions in both groups 7 
were supervised by the same instructor which was done to ensure consistency between each 8 
subject but can introduce a source of bias. Within chapters 5 and 6 specifically, the 9 
measurement of power output and velocity was specific to the bench press exercise and does 10 
not allow for the extrapolation to other measures of upper body power output, such as a bench 11 
press throw, or activities such as shot put. In this regard, future studies warrant the combination 12 
of many measures of power output that are externally valid in sporting and research contexts. 13 
Secondly, the high load that was chosen is typically not where peak power output is produced 14 
and was likely not optimal in developing muscular power which future studies may address 15 
(Cormie et al., 2011b). Moreover, the training status and baseline strength of subjects (also an 16 
indicator of training status), may have influenced the findings. Reviews by Cormie (Cormie, 17 
McGuigan, & Newton, 2011a; Cormie et al., 2011b) demonstrate that untrained and moderately 18 
trained individuals appear to increase power output through the increase in muscular strength 19 
with no change in movement velocity. Thus, the relative weakness of the subjects recruited in 20 
the current thesis would have developed muscular power through increases in force, which was 21 
observed in Chapters 5 and 7. Thirdly, measurement of site-specific muscular hypertrophy from 22 
chapter 6 using panoramic imaging of the pectoralis major was introduced in the current study 23 
and warrants future diagnostic scrutiny. Our measure of muscular endurance accounted for 24 
changes in muscular strength and therefore holds the relative load constant; however, future 25 
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studies may consider measuring both absolute and relative muscular endurance to establish any 1 
differences between measurements. The participants included in these studies had a minimum 2 
of 6 months of resistance training experience so any inferences to highly trained participants 3 
remain elusive. There was a difference in rest distribution between groups which meant CLUS 4 
accrued a total of 17 minutes of rest while TRAD accrued 15 minutes of rest. Although the 5 
difference in total rest period is trivial, it may have affected the results. Within the intervention, 6 
the prescription of accessory exercises used a traditional-set structure which is standard practice 7 
in the strength and conditioning community when cluster-set structures are implemented. 8 
However, this could have influenced the results observed within the cluster-set group. Lastly, 9 
the cohort of recruited participants encompassed males and females and may have led to 10 
differing training responses following high-load training. Future studies are warranted to 11 
investigate sex-specific responses to resistance training within different set-structures. 12 
Within Chapter 7, several limitations exist which allow for future research development. First, 13 
similar to Chapters 5 and 6, a sample of males and females were recruited into the intervention 14 
which may have affected the responses to training. Secondly, this study compared higher-15 
volume cluster- and lower-volume traditional-set structures which implies two variables are 16 
manipulated in the design and it therefore is acknowledged that volume and set-structure are 17 
confounding variables. This study could have been strengthened with the addition of a cluster-18 
set group which was matched for training volume with TRAD. Although this thesis provides 19 
preliminary evidence in this regard, any definitive conclusions on the effect of training volume 20 
within cluster- and traditional-set structures are currently unknown. Lastly, the premise of a 21 
training stimulus, according to the Stimulus-Fatigue-Recovery-Adaptation model, being purely 22 
associated with volume-load may be questioned with the results of Chapter 7. As the adaptation 23 
for muscular strength was the same between groups, it can be speculated that the training 24 
stimulus offered was identical, even though CLUS completed two-fold the volume compared to 25 
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TRAD. However, it could also be argued that CLUS may have had a blunted recovery response 1 
due to the additional unnecessary volume, potentially causing a non-functional overreaching 2 
response, therefore reducing subsequent adaptation. Future research is reasonable to confirm 3 
the impact of training volume-load and set-structure to the overall training stimulus and 4 
recovery of the neuromuscular system during training blocks. 5 
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A1. Electronic search strategy used for each database with unrestricted search results. The 1 
below strategy was used for all databases and adapted to conform to the standard of each 2 
database. 3 
1. Muscular failure 4 
2. Muscular exhaustion 5 
3. Muscular fatigue 6 
4. Repetition failure 7 
5. Failure 8 
6. Repetition exhaustion 9 
7. Fatigue 10 
8. Repetition maximum 11 
9. RM 12 
10. Weight-lifting 13 
11. Weight lifting 14 
12. Weight-training 15 
13. Weight training 16 
14. Resistance-training 17 
15. Resistance training 18 
16. Resistance-exercise 19 
17. Resistance exercise 20 
18. Strength-training 21 
19. Strength training 22 
20. 1 OR 2 OR 3 OR 4 OR 5 OR 6 OR 7 OR 8 OR 9 23 
21. 10 OR 11 OR 12 OR 13 OR 14 OR 15 OR 16 OR 17 OR 18 OR 19 24 
22. 21 AND 22 25 
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A2. Methodological quality assessment modified Downs & Black checklist 1 
2 Reporting Score 
1. Is the hypothesis/aim/objective of the study clearly described? 0 – 1  
2. Are the main outcomes to be measured clearly described in the Introduction or Methods 
section?  
0 – 1  
3. Are the characteristics of the participants included in the study clearly described?   0 – 1 
4. Are the interventions of interest clearly described? 0 – 1 
5. Are the distributions of principal confounders in each group of participants to be 
compared clearly described?  
0 – 1  
6. Are the main findings of the study clearly described?  0 – 1  
7. Does the study provide estimates of the random variability in the data for the main 
outcomes?  
0 – 1  
8. Have all important adverse events that may be a consequence of the intervention been 
reported?  
0 – 1  
9. Have the characteristics of participants lost to follow-up been described? 0 – 1  
10. Have actual probability values been reported (e.g. 0.035 rather than <0.05) for the main 
outcomes except where the probability value is less than 0.001? 
0 – 1  
External validity  
11. Were the subjects asked to participate in the study representative of the entire 
population from which they were recruited? 
0 – 1  
12. Were those subjects who were prepared to participate representative of the entire 
population from which they were recruited? 
0 – 1  
13. Were the staff, places, and facilities where the participants were treated, representative 
of the treatment the majority of participants receive? 
0 – 1  
Internal validity - bias  
14. Was an attempt made to blind study participants to the intervention they have received? 0 – 1  
15. Was an attempt made to blind those measuring the main outcomes of the intervention? 0 – 1 
16. If any of the results of the study were based on “data dredging”, was this made clear? 0 – 1  
17. In trials and cohort studies, do the analyses adjust for different lengths of follow-up of 
participants, or in case-control studies, is the time period between the intervention and 
outcome the same for cases and controls? 
0 – 1  
18. Were the statistical tests used to assess the main outcomes appropriate? 0 – 1  
19. Was compliance with the intervention/s reliable? 0 – 1  
20. Were the main outcome measures used accurate (valid and reliable)? 0 – 1  
Internal validity – confounding (selection bias)  
21. Were the participants in different intervention groups (trials and cohort studies) or were 
the cases and controls (case-control studies) recruited from the same population?  
0 – 1  
22. Were study participants in different intervention groups (trials and cohort studies) or 
were the cases and controls (case-control studies) recruited over the same period of 
time? 
0 – 1  
23. Were study participants randomised to intervention groups? 0 – 1  
24. Was the randomised intervention assignment concealed from both participants and 
health care staff until recruitment was complete and irrevocable? 
0 – 1  
25. Was there adequate adjustment for confounding in the analyses from which the main 
findings were drawn? 
0 – 1 
26. Were losses of participants to follow-up taken into account? 0 – 1  
27. Did the study have sufficient power to detect a clinically important effect where the 
probability value for a difference being due to change is less than 5%? 
28. Were exercise sessions supervised? 
0 – 1 
 
0 – 1 
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A3. Methodological quality ratings. 1 
 Reporting a 
External 
Validity b 
Bias c Confounding d Score 
Study 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 
Total 
/28 
Drinkwater et al. 
(2005) 
1 1 1 1 1 1 1 0 1 0 1 U 1 0 0 1 U 1 U 1 1 U 1 0 U U 1 0 16 
Folland et al. 
(2002) 
1 1 1 1 1 1 1 1 1 0 0 U 1 0 0 1 1 1 1 1 1 U 0 0 1 1 1 1 20 
Izquierdo et al. 
(2006) 
1 1 1 1 1 1 1 0 1 0 1 U 1 0 0 1 1 1 1 1 1 U 1 0 1 1 1 1 21 
Izquierdo-
Gabbaren et al. 
(2010) 
1 1 1 1 1 1 1 0 1 0 1 U 1 0 0 1 1 1 1 1 1 U 1 0 1 1 1 1 21 
Kramer et al. 
(1997) 
1 1 1 1 1 1 1 0 1 0 1 U 1 0 0 1 0 1 1 1 1 U 1 0 U 1 1 1 19 
Rooney et al. 
(1994) 
1 1 1 1 1 1 1 0 U 1 U U 1 0 0 1 1 1 U 1 1 U 1 0 1 1 1 1 19 
Sampson & 
Groeller (2015) 
1 1 1 1 1 1 1 0 1 1 1 0 1 0 0 1 1 1 1 1 1 U 1 0 1 1 1 U 21 
Sanborn et al. 
(2000) 
1 1 1 1 1 1 1 0 1 1 1 U 1 0 0 1 U 1 U 1 1 0 1 0 1 1 U 1 19 
Mean 1 1 1 1 1 1 1 0.1 0.9 0.4 0.8 0 1 0 0 1 0.6 1 0.6 1 1 0 0.9 0 0.8 0.9 0.9 0.8 19.5 
1 = criteria met, 0 = criteria not met, U = unable to determine, scored 0. 2 
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Legend for Appendix A3: 1 
a Reporting category includes items such as, study aims, reported outcomes, participant 2 
characteristics, confounders, adverse events and loss to follow-up (items 01-10) 3 
b External validity includes questions regarding to the study population (items 01-10) 4 
c Internal validity – bias includes items such as blinding, follow-up and compliance (items 01-5 
10) 6 
d Internal validity – confounding includes items such as study selection, randomization and 7 
study power (items 01-10), Scores above 20 were considered good; 11–20, moderate; and 8 
below 11 were considered poor methodological quality. 9 
 10 
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Appendix B: Supplementary Material for Chapter 4 1 
B1. Electronic search strategy 
 2 
  3 
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B1. Electronic search strategy used for each database with unrestricted search results. The 1 
below strategy was used for all databases and adapted to conform to the standard of each 2 
database. 3 
1. Tempo 4 
2. Speed 5 
3. Slow 6 
4. Fast 7 
5. Velocity 8 
6. Isokinetic 9 
7. Power 10 
8. Cadence 11 
9. Explosive 12 
10. Weight-lifting 13 
11. Weight lifting 14 
12. Weight-training 15 
13. Weight training 16 
14. Resistance-training 17 
15. Resistance training 18 
16. Resistance-exercise 19 
17. Resistance exercise 20 
18. Strength-training 21 
19. Strength training 22 
20. 1 OR 2 OR 3 OR 4 OR 5 OR 6 OR 7 OR 8 OR 9 23 
21. 10 OR 11 OR 12 OR 13 OR 14 OR 15 OR 16 OR 17 OR 18 OR 19 24 
22. 21 AND 2225 
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Appendix C: Supplementary Material for Chapters 5 & 6 1 
C1. Recruitment flyer for volume-controlled study 
C2. Text for advertisement on social media for volume-controlled study 
C3. Participant Information Statement for volume-controlled study 
C4. Pre-Screening Form for volume-controlled study 
C5. Participant Consent Form for volume-controlled study 
C6. 7-day Physical activity diary for volume-controlled study 
C7. 7-day food diary for volume-controlled study 
C8. Training program template – familiarization phase for volume-controlled study 
C9. Training program template – intervention phase for traditional-set group 
C10. Training program template – intervention phase for cluster-set group 
C11. Testing of muscular performance datasheet for volume-controlled study 
C12. Testing of muscular size via ultrasound datasheet for volume-controlled study 
C13. Absolute comparisons in peak velocity between CLUS and TRAD 
C14. Absolute comparisons in mean velocity between CLUS and TRAD 
2 
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C1. Recruitment flyer that was used to advertise the study to students on campus 1 
 2 
 
 
 Discipline of Exercise and Sport 
Science 
Exercise, Health and Performance 
Research Group 
Faculty of Health Science 
 
  
ABN 15 211 513 464 
 
STRENGTH TRAINING STUDY! 3 
 4 
We are in the process of recruiting participants for a study where the overall aim is to 5 
examine muscular performance (i.e. muscular strength, endurance, force, velocity 6 
and power), muscular activity and muscular hypertrophy following resistance training 7 
programs of different fatigue levels.  8 
 9 
Benefits:  10 
➢ Have your muscular strength, endurance, power and body composition 11 
assessed 12 
➢ FREE personal training for every training session with an experienced 13 
Powerlifting coach 14 
➢ Find out how YOU best respond to resistance training 15 
 16 
We are looking for male and female participants that satisfy the following: 17 
 18 
• 18-39 years of age with at least 6 months of resistance training experience 19 
• Not currently injured or ill 20 
• No other rigorous sporting commitment 21 
 22 
The total time commitment for this study is 13 weeks with training held for three to 23 
four sessions per week for 12 weeks. 24 
 25 
If you fulfill the above criteria and would like to participate or require further 26 
information, please contact Timothy Davies (PhD Candidate). 27 
 28 
Mr. Timothy Davies: 0437 607 600; Email: tdav6248@uni.sydney.edu.au        29 
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 1 
C2. Text that was used to advertise the study on social media 2 
 3 
“Participant’s needed for a research study investigating the science of improving muscular 4 
strength, endurance, power and hypertrophy! 5 
We are currently looking for males and females, 18-39 years of age, with at least 6 months of 6 
resistance training experience on the bench press without being injured/ill whilst having no 7 
rigorous sporting commitment. 8 
If successfully eligible for the study, you will receive FREE personal training by an 9 
accredited and experienced Powerlifting and Strength and Conditioning Coach. You will have 10 
your strength, endurance, power and body composition assessed and analysed to show how 11 
you responded to the program. 12 
The total time for the study is 14 weeks which includes an 12 week training program and 1 13 
week, before and after training, of testing (testing will also occur during the program). 14 
If you would like more information or you would like to participate, contact Timothy Davies 15 
(PhD Candidate) by email (preferred) at tdav6248@uni.sydney.edu.au or on +61 0437 607 16 
600. 17 
This study has received ethical approval (Approval Number: 2016/018) by the University of 18 
Sydney Human Research and Ethics Committee (HREC).” 19 
  20 
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C3. Participant information statement given to each subject prior to entry into the study 1 
Effect of high versus low fatigue resistance training protocols on muscular 2 
strength development 3 
 4 
PARTICIPANT INFORMATION STATEMENT 5 
 6 
(1) What is this study about? 7 
 8 
You are invited to take part in a research study about the comparison between low-fatigue and high-9 
fatigue resistance training on muscular strength, endurance, power and hypertrophy. The 10 
information gathered from this study will enhance our understanding of how to optimise resistance 11 
training for the development of muscular strength. 12 
 13 
You have been invited to participate in this study because you have greater than 6 months of 14 
resistance training experience. This Participant Information Statement tells you about the research 15 
study. Knowing what is involved will help you decide if you want to take part in the research. Please 16 
read this sheet carefully and ask questions about anything that you do not understand or want to 17 
know more about.  18 
 19 
Participation in this research study is voluntary.  20 
 21 
By giving your consent to take part in this study you are telling us that you: 22 
✓ Understand what you have read. 23 
✓ Agree to take part in the research study as outlined below. 24 
✓ Agree to the use of your personal information as described. 25 
 26 
You will be given a copy of this Participant Information Statement to keep. 27 
 28 
(2) Who is running the study? 29 
 30 
The study is being carried out by the following researchers: 31 
• Dr Daniel Hackett, Faculty of Health Sciences, The University of Sydney 32 
 
 
 
Discipline of Exercise and Sport Science 
Exercise, Health and Performance Research 
Group 
Faculty of Health Science 
 
  
 ABN 15 211 513 464 
 
  Dr Daniel Hackett  
 LECTURER IN EXERCISE 
PHYSIOLOGY 
Room H106 
C42 Cumberland Campus 
The University of Sydney 
75 East St Lidcombe  
NSW 2141 AUSTRALIA 
Telephone:   +61 2 9351 9294 
Facsimile:    +61 2 9351 9204 
Email: daniel.hackett@sydney.edu.au 
Web:   http://www.fhs.usyd.edu.au/ 
 
Name:…………………………………. 
ID:……………………………………….. 
Date:……………………………………. 
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• Mr Timothy Davies, Faculty of Health Sciences, The University of Sydney 1 
• Dr Rhonda Orr, Faculty of Health Sciences, The University of Sydney 2 
• Dr Mark Halaki, Faculty of Health Sciences, The University of Sydney 3 
• Dr Jillian Clarke, Faculty of Health Sciences, The University of Sydney 4 
 5 
Timothy Davies is conducting this study as the basis for the degree of Doctor of Philosophy at The 6 
University of Sydney. This will take place under the supervision of Dr. Daniel Hackett, (Lecturer). 7 
 8 
This study has no conflicts of interest. 9 
 10 
(3) What will the study involve for me? 11 
 12 
Following pre-training testing (i.e. three visits), you will be required to complete three training 13 
sessions per week (i.e. two upper body and one lower body sessions) per week over four weeks 14 
which will be used as preparation for the ‘actual’ intervention (high versus low fatigue resistance 15 
training). The upper body sessions for the preparation phase will commence with performing 3 sets 16 
of 6-8 repetitions at 70% 1RM (progressing to 77.5% by week 4) with 3 minutes rest between sets for 17 
the barbell bench press plus additional exercises performed for 3 sets of 6-12 repetitions at a 18 
perceived moderate intensity. The lower body session for the preparation phase will commence with 19 
3 sets of 10-15 repetitions for various leg and core exercises at a perceived moderate intensity. 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
 38 
 39 
After the preparation phase, further testing will occur and then you will be randomised into one of 40 
two groups where only the upper body sessions will differ. You will be required to train three to four 41 
times per week for eight weeks (i.e. weeks 5-12) following a specific upper body (two sessions per 42 
week) and general lower body (one session progressing to two sessions per week after four weeks 43 
i.e. from week 9) exercise prescription. There will be a minimum of 24 hours (48 hours between 44 
sessions that target the same body region) between training sessions. Details of each of the training 45 
groups are provided below.  46 
 47 
 48 
 49 
Testing 
Randomization 
   Intervention period 
Week  
Testing 
Testing 
Testing Testing Testing 
   Preparation phase 
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 1 
Group 1 2 
Upper Body Sessions: 3 
4 sets of 5 repetitions at 85% 1RM with 5 minutes rest between sets for the bench press. Additional 4 
exercises will be included to strengthen your shoulders, upper back and arms and will be varied in 5 
intensity each week. Specific exercises will change every 4 weeks but still target the shoulders and 6 
upper back. 7 
 8 
Group 2 9 
Upper Body Sessions: 10 
20 sets of 1 repetition at 85% 1RM divided into 4 blocks of 5 repetitions with 30 seconds rest 11 
between each repetition within a block and 3 minutes rest between blocks for the bench press. 12 
Additional exercises will be included to strengthen your shoulders, upper back and arms and will be 13 
varied in intensity each week. Specific exercises will change every 4 weeks but still target the 14 
shoulders, upper back and arms. 15 
 16 
All Groups 17 
Lower body sessions:  18 
In the preparation phase (weeks 1-4), 3 sets of 6-15 repetitions will be used at a perceived moderate 19 
intensity with 3 minutes rest between sets. Exercises include; leg press, leg extension, leg curl, calf 20 
raise, bridges and feet-up curl-ups. 21 
 22 
In weeks 5-8, 3 sets of 6-15 repetitions will be used at a perceived moderate intensity with 3 minutes 23 
rest between sets. Exercises include; Goblet squat, Romanian Deadlift, Bulgarian split squat, calf raise 24 
(on leg press machine), glute bridge with band resistance and feet-up curl-up. 25 
 26 
In weeks 9-12, an additional lower body session will be added and 3 sets of 6-15 repetitions will be 27 
used at a perceived moderate intensity with 3 minutes rest between sets. On day 1, exercises 28 
include; barbell back squat, stiff leg deadlift, walking lunge, calf raise, weight loaded glute bridges 29 
(with band resistance if appropriate) and quadruped. On day 2, exercises include; barbell deadlift, leg 30 
press, barbell good morning, Nordic drops, clams and side plank. 31 
 32 
Your trainer for all training sessions is highly experienced with all the exercises prescribed and will 33 
teach you how to perform them safely and effectively. 34 
 35 
All training will be performed at the School of Exercise and Sports Science (Cumberland Campus, 75 36 
East Street, Lidcombe). Each session will take approximately one hour and will involve a thorough 37 
warm-up of the body parts that will be trained during the subsequent session. All exercises are safe 38 
and commonly practiced by experienced resistance trainers. Delayed onset muscle soreness for the 39 
least experienced participants is to be expected, however acute muscle soreness is highly unlikely 40 
but will be monitored during each training session.  41 
 42 
If you are interested in participating in this study you will be invited to attend some testing sessions 43 
at the School of Exercise and Sports Science, Cumberland Campus. Prior to commencing testing, you 44 
will be required to attend a pre-exercise screening session to check that you are eligible and 45 
medically fit to participate in the study. 46 
 47 
Testing 48 
 49 
During the study you will undergo the following: 50 
 51 
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• Muscle strength, endurance, load-velocity profile testing 1 
• Dual-Energy X-ray Absorptiometry  2 
• Ultrasound 3 
• Seven-day food and activity diary 4 
 5 
Testing will occur prior to commencing the training (week 0, muscular strength only), at weeks 3 and 6 
4 of the preparation program (all tests done twice, once in week 3 and once in week 4, to determine 7 
consistency), during specific weeks of the training program (weeks 5, 7, 9 and 11), and following the 8 
completion of the training program (week 13). Specific information amount the individual tests is 9 
provided below:  10 
 11 
Muscular Strength Test  12 
The one-repetition maximum (1RM) will be used to determine your maximal dynamic muscle 13 
strength. It is defined as the maximal amount of weight you can lift with a full range of motion in 14 
good form. For this test, increasingly heavier weights are added in two-minute intervals until you fail 15 
twice at a given load. The last successful lift is defined as the 1RM. Strength will be tested on the 16 
barbell bench press under direct supervision by a skilled assessor. Isometric strength will also be used 17 
to determine muscle strength. A skilled assessor will find the distance (cm) of your full range of 18 
motion on the bench press and then find 50% of the distance. You will then perform three trials 19 
producing as much force as you can from this position. You will be given 30 seconds rest between 20 
trials. 21 
 22 
Hand-Grip Strength 23 
Hand-grip strength is a test of hand dominance. You will be instructed to be in a seated position with 24 
arms by your side with elbows slightly bent. You will then be asked to squeeze the instrument with as 25 
much force as possible for three seconds followed by 20 seconds rest. This is repeated for a total of 26 
three trials on both hands (six trials in total). If there is a difference of three kilograms or greater 27 
between trials, you will be asked to produce one more trial. 28 
 29 
Muscular Endurance Tests  30 
Muscular endurance is a test of muscle fatigue. You will be instructed to perform as many 31 
consecutive repetitions as possible of a load that is moderately heavy for you (70% 1RM) through 32 
your full range of motion using good form. Muscular endurance will be tested on the flat barbell 33 
bench press with direct supervision by a skilled assessor. 34 
 35 
Load-Velocity Profile 36 
The load-velocity profile is a test of muscular power at various weights. You will be instructed to 37 
perform two repetitions (with a 2-minute rest between repetitions) at six different loads as fast 38 
possible through a full range of motion using good form. These loads will vary between very light up 39 
to very heavy. The load/velocity profile will be tested on the flat barbell bench press with direct 40 
supervision by a skilled assessor. 41 
 42 
Dual-Energy X-ray Absorptiometry 43 
A DXA scan will be used to determine the amount of muscle, fat, and bone in your body. The DXA 44 
measure will require that you lay on a table whilst the images are obtained. Each scan will expose 45 
you to a very small dose of ionizing radiation.  46 
 47 
Ultrasound 48 
Ultrasound will be used to measure skeletal muscle thickness. These measurements will be 49 
performed at two locations on both sides of the body; the chest (Pectoralis Major) and arm (Triceps 50 
Brachii). All measurements will be taken by an experienced and accredited sonographer. The 51 
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sonographer will apply gel on the skin over the sites that have been identified and use a small probe 1 
to scan the muscle.  2 
 3 
 4 
 5 
Training and Food Diaries 6 
 7 
Food Diary 8 
 9 
You will be required to keep a food diary (using the MyFitnessPal application) recording all food and 10 
fluid consumed over 7 days. This will be completed on four occasions: one week prior to starting the 11 
program, at week 4, week 8 and during the final week of training (week 12). If you do not currently 12 
have the application, you will be instructed on how to download it to your mobile device/tablet and 13 
how to operate it. 14 
 15 
 16 
Activity Diary 17 
 18 
You will be required to record (in a logbook), all activity performed over a 7-day period. 19 
 20 
Note: No other resistance training is to be performed outside of the training program. If aerobic 21 
exercise (i.e. ‘cardio’) is performed, it must be documented in the training diary and be replicated 22 
throughout the program. Additionally, the aerobic exercise must not total more than 150 minutes 23 
per week at a moderate-intensity (60-79% maximum heart rate) OR be less than 75 minutes of 24 
vigorous physical activity (>80% maximum heart rate), OR a combination of the two. 25 
 26 
Time Commitment 27 
 28 
Test When? 
Approximate time 
required per session 
Total Visits 
Muscular Strength 
Pre-training (Week 0), Week 
4 (last week of preparation 
phase) x2, Week 7, Week 9, 
Week 11 and Week 13 (post-
training). 
30 minutes 3 
Load/velocity Profile, 
Dual-Energy X-Ray 
Absorptiometry, 
Ultrasound, Muscular 
Endurance (x2) and 
Isometric Strength 
Week 4 (last week of 
preparation phase), Week 13 
(post-training). 
1 hour and 30 
minutes 
3 
Training (Weeks 1-8) Three days per week 1 hour 24 
Training (Weeks 9-12) Four days per week 1 hour 16 
 Total Visits 46 
 29 
 30 
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Risks 1 
Some musculoskeletal soreness is likely to occur in the days following the testing sessions; however 2 
there is a small risk of musculoskeletal injuries. The risk of injury will be minimised by testing being 3 
closely supervised by a trained and experienced strength and conditioning coach.  4 
 5 
Radiation  6 
This research study involves exposure to a very small amount of radiation from x-rays. The effective 7 
dose of radiation from this study is about 0.03 millisieverts (mSv). For comparison, everyone receives 8 
a dose of about 2 mSv each year from natural sources as part of everyday living, so the study is 9 
equivalent to a few days of natural ‘background’ radiation. No harmful effects have been 10 
demonstrated at this level and the risk is minimal. 11 
Please inform our researchers if you have participated in any research study in the last five years 12 
where you were exposed to radiations. If you volunteer for another research study in the next five 13 
years, you should take this statement with you and show it to the researchers. 14 
 15 
Adverse Effects 16 
During each test procedure, and at regular intervals throughout the exercise training program, we 17 
will ask you to inform us of any side effects that you may experience. It is important that you contact 18 
the study staff immediately if there are any unusual health experiences, injury or bad effects. This 19 
notification should take place whether or not you believe that the problem is related to the exercise 20 
program or from some other cause. In the event of any adverse effect you will be able to contact the 21 
principal investigator Dr Daniel Hackett at the School of Exercise and Sport Science, University of 22 
Sydney on 9351-9294. 23 
 24 
(4) How much of my time will the study take? 25 
 26 
You will need to come to the School of Exercise and Sports Science (Cumberland Campus, University 27 
of Sydney) for a total of 9 hours (6 x 1.5 hours) for testing and 40 hours (First 8 weeks = 3 sessions x 1 28 
hour per session and last 4 weeks = 4 sessions x 1 hour per session) for training. 29 
 30 
(5) Who can take part in the study? 31 
 32 
We are looking for males and females, aged between 18-39 years with a minimum of 6 months of 33 
resistance training experience. You will be excluded if you are currently or have used (in the last 12 34 
months) any performance enhancing substance (such as anabolic steroids) or have a medical 35 
condition that would preclude you from intense exercise (determined from pre-exercise screening). 36 
 37 
(6) Do I have to be in the study? Can I withdraw from the study once I've started? 38 
 39 
Being in this study is completely voluntary and you do not have to take part. Your decision whether 40 
to participate will not affect your current or future relationship with the researchers or anyone else 41 
from the University of Sydney.  42 
 43 
If you decide to take part in the study and then change your mind later, you are free to withdraw at 44 
any time. You can do this by contacting an investigator to request a withdrawal. You may also be 45 
removed from the study if we find your participation to be unhealthy for you. 46 
 47 
If you decide to withdraw from the study, we will not collect any more information from you. Any 48 
information that we have already collected, however, will be kept in our study records and may be 49 
included in the study results. 50 
 51 
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(7) Are there any risks or costs associated with being in the study? 1 
 2 
Some musculoskeletal soreness is likely to occur in the days following the testing sessions; however 3 
there is a small risk of musculoskeletal injuries. The risk of injury will be minimised by testing being 4 
closely supervised by a trained and experienced strength and conditioning coach. There will be costs 5 
associated with travelling to and from Cumberland Campus, University of Sydney. 6 
 7 
(8) Are there any benefits associated with being in the study? 8 
 9 
We cannot guarantee that you will receive any direct benefits from being in the study. 10 
 11 
(9) What will happen to information about me that is collected during the study? 12 
 13 
During the study, we will collect mostly numerical information (such as the amount of weight lifted, 14 
how many repetitions performed etc.) along with baseline information such as anthropometry (i.e. 15 
DXA). There may be video recording and images taken during training sessions and these will be used 16 
for conference presentations and publications if required. All information will be kept strictly 17 
confidential. You may access any personal information of yours from the study by contacting the 18 
chief investigator (Dr. Daniel Hackett) at daniel.hackett@sydney.edu.au or PhD Candidate Timothy 19 
Davies at timothy.davies@sydney.edu.au.  20 
 21 
By providing your consent, you are agreeing to us collecting personal information about you for the 22 
purposes of this research study. Your information will only be used for the purposes outlined in this 23 
Participant Information Statement, unless you consent otherwise. 24 
 25 
Your information will be stored securely and your identity/information will be kept strictly 26 
confidential, except as required by law. Study findings may be published, but you will not be 27 
individually identifiable in these publications. 28 
 29 
(10) Can I tell other people about the study? 30 
 31 
Yes, you are welcome to tell other people about the study. 32 
 33 
(11) What if I would like further information about the study? 34 
 35 
When you have read this information, Timothy Davies will be available to discuss it with you further 36 
and answer any questions you may have. If you would like to know more at any stage during the 37 
study, please feel free to contact Dr. Daniel Hackett (Lecturer; daniel.hackett@sydney.edu.au; +61 2 38 
9351 9294) or Timothy Davies (PhD Candidate; tdav6248@uni.sydney.edu.au; +61 437 607 600). 39 
 40 
(12) Will I be told the results of the study? 41 
 42 
You have a right to receive feedback about the overall results of this study. You can tell us that you 43 
wish to receive feedback by ticking the appropriate box on the consent form. This feedback will be in 44 
the form of a one-page lay summary. Brief oral explanations of data interpretation will be given to 45 
participants if requested. You will receive this feedback after the study is finished. 46 
 47 
(13) What if I have a complaint or any concerns about the study? 48 
 49 
Research involving humans in Australia is reviewed by an independent group of people called a 50 
Human Research Ethics Committee (HREC). The ethical aspects of this study have been approved by 51 
Appendix C: Supplementary Material for Chapter 5 and 6 
223 
the HREC of the University of Sydney (HREC Approval Number: 2016/018). As part of this process, we 1 
have agreed to carry out the study according to the National Statement on Ethical Conduct in Human 2 
Research (2007). This statement has been developed to protect people who agree to take part in 3 
research studies. 4 
 5 
If you are concerned about the way this study is being conducted or you wish to make a complaint to 6 
someone independent from the study, please contact the university using the details outlined below. 7 
Please quote the study title and protocol number.  8 
 9 
The Manager, Ethics Administration, University of Sydney: 10 
• Telephone: +61 2 8627 8176 11 
• Email: ro.humanethics@sydney.edu.au 12 
• Fax: +61 2 8627 8177 (Facsimile) 13 
 14 
 15 
This information sheet is for you to keep 16 
 17 
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 1 
C4. Pre-screening form to assess potential participants’ health status 2 
 3 
Faculty of Health Sciences_______________ 4 
Discipline of Exercise and Sport Science, 5 
East Street (P.O. Box 170), Lidcombe, NSW, Australia 1825 6 
Tel:  61-2-9351-9142 or 9351-9612 7 
Fax:  61-2-9351-9204 8 
Medical History          9 
Have you ever been diagnosed with any of the following: 10 
Any heart 
complaint    
 Anaemia     Deep Vein Thrombosis  Infectious Disease  Eating Disorder  
Osteoporosis  Diabetes (Type I)  Diabetes (Type II)  Pulmonary Disease  Emotional 
Disorder 
 
Cancer  Stroke  Other  If yes, please provide details: 
                                                                                                                                                                                                           No to all above  
Signs and Symptoms 11 
Do you ever experience any of the following: 12 
 Yes No  Yes No 
Pain or discomfort in the chest, neck, jaw, arms, or 
other areas that may be due to myocardial ischemia 
(lack of adequate circulation)  
  Shortness of breath at rest, during daily activities, or 
with mild exertion 
  
Dizziness or syncope (fainting)   Ankle oedema (swelling)    
Orthopnea (breathing discomfort when not in an 
upright position) or paroxysmal nocturnal dyspnea 
(interrupted breathing at night) 
  Intermittent claudication (cramping pain and 
weakness in legs, especially calves, during walking 
due to inadequate blood supply to muscles)  
  
Palpitations (abnormal rapid beating of the heart) or 
tachycardia (rapid heartbeat) 
  Known heart murmur   
Unusual or unexplained fatigue   Known cardiovascular, pulmonary or metabolic 
disease 
  
 If yes, please provide details: 
Coronary Artery Disease Risk Factor Thresholds 13 
Do you ever experience any of the following: 14 
 Yes No  Yes No 
Have a member of your immediate family 
(father/brother < 55 yrs; mother/sister < 65 yrs) 
been diagnosed with heart disease? 
  Are you a current cigarette smoker or have quit 
within the last 6 months? 
  
Have you been told that you have high blood 
pressure (SBP ≥ 140 mmHg or DBP ≥ 90 mmHg 
noted on 2 separate occasions) or are you being 
treated with antihypertensive medication? 
  Have you been told that you have high total blood 
cholesterol (≥ 5.2 mmol/L) or high low density 
lipoprotein (LDL) cholesterol (≥ 3.4 mmol/L) or that 
your high density lipoprotein (HDL) cholesterol is 
low (< 1.03 mmol/L)?  
  
Have you been told that you have impaired fasting 
glucose (plasma glucose > 6.1 mmol/L noted on 2 
separate occasions) or type 2 diabetes? 
  Do you have a body mass index (BMI) greater than 
or equal to 30 kg/m2 or a waist  circumference 
greater than 102 cm (men) or 88cm (women) 
  
 15 
Risk Stratification  
Name:…………………………………. 
ID:……………………………………….. 
Date:……………………………………. 
Appendix C: Supplementary Material for Chapter 5 and 6 
225 
Name:…………………………………. 
ID:……………………………………….. 
Date:……………………………………. 
C5. Participant consent form signed by each participant before entry into the study 1 
 
 Discipline of Exercise and Sport 
Science 
Exercise, Health and Performance 
Research Group 
Faculty of Health Science 
  
  ABN 15 211 513 464 
 
  Dr Daniel Hackett  
 LECTURER IN EXERCISE PHYSIOLOGY 
Room H106 
C42 Cumberland Campus 
The University of Sydney 
75 East St Lidcombe  
NSW 2141 AUSTRALIA 
Telephone:   +61 2 9351 9294 
Facsimile:    +61 2 9351 920  
  Email:   daniel.hackett@sydney.edu.au 
         Web:   http://www.fhs.usyd.edu.au 
Effect of high versus low fatigue resistance training protocols on muscular strength 2 
development 3 
 4 
PARTICIPANT CONSENT FORM 5 
 6 
 7 
I, ................................................................................... [PRINT NAME], agree to take part in this 8 
research study. 9 
 10 
In giving my consent I state that: 11 
 12 
✓ I understand the purpose of the study, what I will be asked to do, and any risks/benefits 13 
involved.  14 
 15 
✓ I have read the Participant Information Statement and have been able to discuss my 16 
involvement in the study with the researchers if I wished to do so.  17 
 18 
✓ The researchers have answered any questions that I had about the study and I am happy 19 
with the answers. 20 
 21 
✓ I understand that being in this study is completely voluntary and I do not have to take part. 22 
My decision whether to be in the study will not affect my relationship with the researchers or 23 
anyone else at the University of Sydney now or in the future. 24 
 25 
✓ I understand that I can withdraw from the study at any time. 26 
 27 
✓ I understand that personal information about me that is collected over the course of this 28 
project will be stored securely and will only be used for purposes that I have agreed to. I 29 
understand that information about me will only be told to others with my permission, except 30 
as required by law. 31 
 32 
✓ I understand that the results of this study may be published, and that publications will not 33 
contain my name or any identifiable information about me. 34 
 35 
 36 
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I consent to:  1 
• 1RM Strength Testing   YES  NO  2 
 3 
• Hand-Grip Strength Testing   YES  NO  4 
 5 
• Endurance Testing    YES  NO  6 
 7 
• Power Testing   YES  NO  8 
 9 
• Training and Food Diary    YES  NO  10 
 11 
• Ultrasound Imaging   YES  NO  12 
 13 
• Dual-Energy X-ray Absorpiometry   YES  NO  14 
 15 
• Video and Image Recording   YES  NO  16 
 17 
• 12-week Resistance Training Program YES  NO  18 
 19 
• Being contacted about future studies  YES  NO  20 
 21 
• Receiving feedback about my personal results  YES  NO 22 
  23 
 24 
 25 
Would you like to receive feedback about the overall results of this study?  26 
    YES  NO  27 
If you answered YES, please indicate your preferred form of feedback and address: 28 
 29 
 30 
 Postal:  _______________________________________________________ 31 
 32 
___________________________________________________ 33 
 34 
 Email: ___________________________________________________ 35 
 36 
 37 
 38 
................................................................... 39 
Signature  40 
 41 
 42 
 43 
 .............. .................................................... 44 
PRINT name 45 
 46 
 47 
.................................................................................. 48 
Date 49 
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C6. 7-day physical activity diary given to participants to collect data on external 1 
physical activity habits. 2 
  Discipline of Exercise and Sport Science 
Exercise, Health and Performance Research Group 
Faculty of Health Science 
 3 
Physical Activity Diary 4 
(Monday to Sunday) 5 
 6 
NO OTHER RESISTANCE TRAINING IS ALLOWED 7 
DURING THE STUDY. 8 
AEROBIC TRAINING <150 MINS PER WEEK IS 9 
ALLOWED. 10 
 11 
 Microsoft Word (Clipart) 12 
 13 
Name____________________________ Sex_________ 14 
 15 
Study ID number______________________________ 16 
 17 
Height_________ cm 18 
 19 
Weight at start of diary_____ kg & at end of diary_____ kg 20 
 21 
Started Diary on __/__/__ and Finished on __/__/__ 22 
 23 
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GUIDELINES FOR KEEPING YOUR PHYSICAL ACTIVITY 1 
DIARY 2 
 3 
 4 
HOW LONG DO I NEED TO RECORD? 5 
• Record all physical activity that you have attempted and completed over a week 6 
(starting on a Monday)  7 
 8 
 9 
HOW DO I RECORD MY PHYSICAL ACTIVITY IN THE DIARY? 10 
• Record all physical activity on the diary sheets provided. Try to carry the diary with 11 
you and record your physical activity as you go throughout the day. 12 
• Record all physical activity no matter what intensity it is. 13 
• There are two types of exercise that you can record, aerobic/cardiovascular and 14 
resistance training. 15 
• Start a new page for each day. 16 
 17 
 18 
WHAT SHOULD I RECORD? (See sample sheet provided) 19 
• Record the type of exercise (e.g. resistance exercise, cardiorespiratory exercise) and 20 
the exact exercises that you performed (e.g. barbell back squat or treadmill running) 21 
• Record the intensity of the exercise (e.g. % 1RM or #RM for resistance exercise and % 22 
maximum heart rate for cardiorespiratory exercise), can record intensity as 23 
light/moderate/maximal if this is not possible 24 
• For resistance exercise, record the amount of sets, repetitions, rest period between 25 
sets and absolute load (kg). This can be recorded in the ‘description’ section of each 26 
day. 27 
• Record the duration of the exercise in minutes 28 
• When asked “Is today different to your usual routine”, this should refer to your 29 
regular exercise routine before the study has commenced. 30 
 31 
 32 
 33 
 34 
     35 
 36 
 37 
 38 
 39 
 40 
 41 
 42 
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 1 
Day 1 (Enter Day): 2 
 3 
Study ID no.:____________   Date: __/__/__   Weight (morning): _____kg 4 
 5 
AEROBIC/CARDIOVASCULAR 6 
Exercise(s) 
Performed 
Continuous/Interval Intensity 
Time 
(min) 
Description (e.g. Rest, interval ratio) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 7 
Other information 8 
 9 
    Is today different to your usual exercise routine? If so please briefly describe how it is different: 10 
______________________________________________________________________________________11 
______________________________________________________________________________________12 
___________________________________________________________ 13 
 14 
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Day 2 (Enter Day): 1 
 2 
Study ID no.:____________   Date: __/__/__    Weight (morning): _____kg 3 
 4 
AEROBIC/CARDIOVASCULAR 5 
Exercise(s) 
Performed 
Continuous/Interval Intensity 
Time 
(min) 
Description (e.g. Rest, interval ratio) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 6 
Other information 7 
 8 
    Is today different to your usual exercise routine? If so please briefly describe how it is different: 9 
______________________________________________________________________________________10 
______________________________________________________________________________________11 
___________________________________________________________ 12 
 13 
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Day 3 (Enter Day): 1 
 2 
Study ID no.:____________   Date: __/__/__    Weight (morning): _____kg 3 
 4 
AEROBIC/CARDIOVASCULAR 5 
Exercise(s) 
Performed 
Continuous/Interval Intensity 
Time 
(min) 
Description (e.g. Rest, interval ratio) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 6 
Other information 7 
 8 
    Is today different to your usual exercise routine? If so please briefly describe how it is different: 9 
______________________________________________________________________________________10 
______________________________________________________________________________________11 
___________________________________________________________ 12 
 13 
 14 
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Day 4 (Enter Day): 1 
 2 
Study ID no.:____________   Date: __/__/__    Weight (morning): _____kg 3 
 4 
AEROBIC/CARDIOVASCULAR 5 
Exercise(s) 
Performed 
Continuous/Interval Intensity 
Time 
(min) 
Description (e.g. Rest, interval ratio) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 6 
Other information 7 
 8 
    Is today different to your usual exercise routine? If so please briefly describe how it is different: 9 
______________________________________________________________________________________10 
______________________________________________________________________________________11 
___________________________________________________________ 12 
 13 
 14 
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Day 5 (Enter Day): 1 
 2 
Study ID no.:____________   Date: __/__/__    Weight (morning): _____kg 3 
 4 
AEROBIC/CARDIOVASCULAR 5 
Exercise(s) 
Performed 
Continuous/Interval Intensity 
Time 
(min) 
Description (e.g. Rest, interval ratio) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 6 
Other information 7 
 8 
    Is today different to your usual exercise routine? If so please briefly describe how it is different: 9 
______________________________________________________________________________________10 
______________________________________________________________________________________11 
___________________________________________________________ 12 
  13 
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Day 6 (Enter Day): 1 
 2 
Study ID no.:____________   Date: __/__/__    Weight (morning): _____kg 3 
 4 
AEROBIC/CARDIOVASCULAR 5 
Exercise(s) 
Performed 
Continuous/Interval Intensity 
Time 
(min) 
Description (e.g. Rest, interval ratio) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 6 
Other information 7 
 8 
    Is today different to your usual exercise routine? If so please briefly describe how it is different: 9 
______________________________________________________________________________________10 
______________________________________________________________________________________11 
___________________________________________________________ 12 
 13 
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Day 7 (Enter Day): 1 
 2 
Study ID no.:____________   Date: __/__/__    Weight (morning): _____kg 3 
 4 
AEROBIC/CARDIOVASCULAR 5 
Exercise(s) 
Performed 
Continuous/Interval Intensity 
Time 
(min) 
Description (e.g. Rest, interval ratio) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 6 
Other information 7 
 8 
    Is today different to your usual exercise routine? If so please briefly describe how it is different: 9 
______________________________________________________________________________________10 
______________________________________________________________________________________11 
___________________________________________________________ 12 
 13 
 14 
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C7. 7-day food diary to collect data on the nutritional habits of participants. 1 
  Discipline of Exercise and Sport Science 
Exercise, Health and Performance Research Group 
Faculty of Health Science 
 2 
 3 
Food Diary 4 
(Monday to Sunday) 5 
Microsoft Word (Clipart) 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
Name____________________________ Sex_________ 14 
 15 
Study ID number______________________________ 16 
 17 
Height_________ cm 18 
 19 
Weight at start of diary_____ kg & at end of diary_____ kg 20 
 21 
Started Diary on __/__/__ and Finished on __/__/__ 22 
 23 
 24 
 25 
 26 
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 1 
 2 
 3 
 4 
GUIDELINES FOR KEEPING YOUR FOOD DIARY 5 
 6 
 7 
HOW LONG DO I NEED TO RECORD? 8 
• Record all the food and drinks that you consume over a week (starting on a Monday)  9 
 10 
 11 
HOW DO I RECORD MY FOOD IN THE DIARY? 12 
• Record all food and drink on the diary sheets provided. Try to carry the diary with you 13 
always and record food as you eat it, so that nothing is forgotten.  14 
• Record all food and drink no matter how small or large 15 
• Start a new page for each day. 16 
 17 
 18 
WHAT SHOULD I RECORD? (See sample sheet provided) 19 
• Record the meal and time of food consumption. 20 
• Give as much detail as possible, indicating the cut of meat, kind of bread eg 21 
• BBQ Lean beef sirloin, large serve (approximately the size of 1 hand) with 22 
fat removed before eating 23 
• White sliced bread (TipTop) – 3 slices 24 
• Custard cream biscuits (Arnotts) – 4 biscuits 25 
  26 
• Record brand names, and cooking method e.g. grilled, battered, fried (dry, or oil or 27 
lard) 28 
• Record the estimated amount of that food consumed.  29 
• Estimate the ingredients of a mixed dish separately (eg a salad with 1 lettuce leaf, ½ 30 
tomato and 3 slices of cucumber lightly dressed with French dressing) 31 
• Don’t forget accompaniments such as; butter, gravies, salt, butter added to 32 
vegetables, milk and sugar in coffee. 33 
• Record the type of exercise, the time it took place, and the duration. 34 
• Record all fluids even water and estimate the volume consumed in cups* or millilitres 35 
* Indicate the size of the cup (eg a middi glass, a paper cup, coffee mug) 36 
 37 
Note: If you are in any doubt about how to record any item, describe it in a way that you 38 
will remember and we shall check it at the end of the week.  39 
 40 
     41 
 42 
 43 
 44 
 45 
 46 
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Day 1 (Enter Day): 1 
 2 
Study ID no.:____________ Date: __/__/__   Weight (morning): _____kg 3 
 4 
M
ea
l 
Time  Food and Drinks Consumed  Calories and Macronutrients 
Description 
eg. Weetbix 
Quantity 
eg. 3 biscuits/ 
100g/200ml 
Carbohydrate/ 
Fat/Protein 
Calories 
B
re
ak
fa
st
 
      
 ________________________________
________________________________
________________________________
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M
e
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 Time  Food and Drinks Consumed  Calories and Macronutrients 
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eg. Weetbix 
Quantity 
eg. 3 biscuits/ 
100g/200ml 
Carbohydrate/ 
Fat/Protein 
Calories 
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Other information 2 
• Did you drink any alcohol today?  Yes   No  3 
• If yes how much did you drink? (eg 3 schooners of beer) 4 
………………………………………………………………………………………………………………………………………………………………. 5 
• Please name any supplements taken and the amount (eg, 1 multivitamin) 6 
………………………………………………………………………………………………………………………………………………………………….. 7 
………………………………………………………………………………………………………………………………………………………………….. 8 
    Is today different to your usual routine? If so please briefly describe 9 
……………………………………………………………………………………………………………………………………………………………………. 10 
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Day 2 (Enter Day): 1 
 2 
Study ID no.:____________ Date: __/__/__   Weight (morning): _____kg 3 
 4 
M
ea
l 
Time Food and Drinks Consumed Calories and Macronutrients 
Description 
eg. Weetbix 
Quantity 
eg. 3 biscuits/ 
100g/200ml 
Carbohydrate/ 
Fat/Protein 
Calories 
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M
ea
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Time Food and Drinks Consumed Calories and Macronutrients 
Description 
eg. Weetbix 
Quantity 
eg. 3 biscuits/ 
100g/200ml 
Carbohydrate/ 
Fat/Protein 
Calories 
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Other information 2 
• Did you drink any alcohol today?  Yes   No  3 
• If yes how much did you drink? (eg 3 schooners of beer) 4 
………………………………………………………………………………………………………………………………………………………………. 5 
• Please name any supplements taken and the amount (eg, 1 multivitamin) 6 
………………………………………………………………………………………………………………………………………………………………….. 7 
……………………………………………………………………………………………………………………………………………………………….... 8 
    Is today different to your usual routine? If so please briefly describe 9 
……………………………………………………………………………………………………………………………………………………………………. 10 
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Day 3 (Enter Day): 1 
 2 
Study ID no.:____________ Date: __/__/__   Weight (morning): _____kg 3 
 4 
M
ea
l 
Time Food and Drinks Consumed Calories and Macronutrients 
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eg. Weetbix 
Quantity 
eg. 3 biscuits/ 
100g/200ml 
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M
ea
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Time Food and Drinks Consumed Calories and Macronutrients 
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eg. Weetbix 
Quantity 
eg. 3 biscuits/ 
100g/200ml 
Carbohydrate/ 
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Calories 
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Other information 2 
• Did you drink any alcohol today?  Yes   No  3 
• If yes how much did you drink? (eg 3 schooners of beer) 4 
………………………………………………………………………………………………………………………………………………………………. 5 
• Please name any supplements taken and the amount (eg, 1 multivitamin) 6 
………………………………………………………………………………………………………………………………………………………………….. 7 
……………………………………………………………………………………………………………………………………………………………….... 8 
    Is today different to your usual routine? If so please briefly describe 9 
……………………………………………………………………………………………………………………………………………………………………. 10 
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Day 4 (Enter Day): 1 
 2 
Study ID no.:____________ Date: __/__/__   Weight (morning): _____kg 3 
 4 
M
ea
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Time Food and Drinks Consumed Calories and Macronutrients 
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eg. Weetbix 
Quantity 
eg. 3 biscuits/ 
100g/200ml 
Carbohydrate/ 
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M
ea
l 
Time Food and Drinks Consumed Calories and Macronutrients 
Description 
eg. Weetbix 
Quantity 
eg. 3 biscuits/ 
100g/200ml 
Carbohydrate/ 
Fat/Protein 
Calories 
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Other information 2 
• Did you drink any alcohol today?  Yes   No  3 
• If yes how much did you drink? (eg 3 schooners of beer) 4 
………………………………………………………………………………………………………………………………………………………………. 5 
• Please name any supplements taken and the amount (eg, 1 multivitamin) 6 
………………………………………………………………………………………………………………………………………………………………….. 7 
……………………………………………………………………………………………………………………………………………………………….... 8 
    Is today different to your usual routine? If so please briefly describe 9 
……………………………………………………………………………………………………………………………………………………………………. 10 
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Day 5 (Enter Day): 1 
 2 
Study ID no.:____________ Date: __/__/__   Weight (morning): _____kg 3 
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Time Food and Drinks Consumed Calories and Macronutrients 
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M
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eg. Weetbix 
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Other information 2 
• Did you drink any alcohol today?  Yes   No  3 
• If yes how much did you drink? (eg 3 schooners of beer) 4 
………………………………………………………………………………………………………………………………………………………………. 5 
• Please name any supplements taken and the amount (eg, 1 multivitamin) 6 
………………………………………………………………………………………………………………………………………………………………….. 7 
……………………………………………………………………………………………………………………………………………………………….... 8 
    Is today different to your usual routine? If so please briefly describe 9 
……………………………………………………………………………………………………………………………………………………………………. 10 
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Day 6 (Enter Day): 1 
 2 
Study ID no.:____________ Date: __/__/__   Weight (morning): _____kg 3 
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M
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Time Food and Drinks Consumed Calories and Macronutrients 
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eg. Weetbix 
Quantity 
eg. 3 biscuits/ 
100g/200ml 
Carbohydrate/ 
Fat/Protein 
Calories 
B
re
ak
fa
st
 
      
 ________________________________
________________________________
________________________________
________________________________
________________________________
________________________________
________________________________
________________________________ 
________________________________
________________________________
________________________________
________________________________ 
 
___________
___________
___________
___________
___________
___________
___________
___________
___________
___________
___________
___________ 
_____________
_____________
_____________
_____________
_____________
_____________
_____________
_____________
_____________
_____________
_____________
_____________ 
__________
__________
__________
__________
__________
__________
__________
__________
__________
__________
__________
__________ 
Sn
ac
ks
 
 
  
 ________________________________
________________________________
________________________________
________________________________
________________________________
________________________________
________________________________
________________________________ 
 
___________
___________
___________
___________
___________
___________
___________
___________ 
_____________
_____________
_____________
_____________
_____________
_____________
_____________
_____________ 
__________
__________
__________
__________
__________
__________
__________
__________ 
Lu
n
ch
 
    
 ________________________________
________________________________
________________________________
________________________________
________________________________
________________________________
________________________________
________________________________
________________________________
________________________________
________________________________ 
 
___________
___________
___________
___________
___________
___________
___________
___________
___________
___________
__________ 
_____________
_____________
_____________
_____________
_____________
_____________
_____________
_____________
_____________
_____________
_____________ 
__________
__________
__________
__________
__________
__________
__________
__________
__________
__________
__________ 
 5 
 6 
 7 
 8 
 9 
Appendix C: Supplementary Material for Chapter 5 and 6 
249 
M
ea
l 
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eg. Weetbix 
Quantity 
eg. 3 biscuits/ 
100g/200ml 
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Fat/Protein 
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Other information 2 
• Did you drink any alcohol today?  Yes   No  3 
• If yes how much did you drink? (eg 3 schooners of beer) 4 
………………………………………………………………………………………………………………………………………………………………. 5 
• Please name any supplements taken and the amount (eg, 1 multivitamin) 6 
………………………………………………………………………………………………………………………………………………………………….. 7 
……………………………………………………………………………………………………………………………………………………………….... 8 
    Is today different to your usual routine? If so please briefly describe 9 
……………………………………………………………………………………………………………………………………………………………………. 10 
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Day 7 (Enter Day): 1 
 2 
Study ID no.:____________ Date: __/__/__   Weight (morning): _____kg 3 
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Time Food and Drinks Consumed Calories and Macronutrients 
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eg. Weetbix 
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eg. 3 biscuits/ 
100g/200ml 
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eg. Weetbix 
Quantity 
eg. 3 biscuits/ 
100g/200ml 
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 1 
Other information 2 
• Did you drink any alcohol today?  Yes   No  3 
• If yes how much did you drink? (eg 3 schooners of beer) 4 
………………………………………………………………………………………………………………………………………………………………. 5 
• Please name any supplements taken and the amount (eg, 1 multivitamin) 6 
………………………………………………………………………………………………………………………………………………………………….. 7 
……………………………………………………………………………………………………………………………………………………………….... 8 
    Is today different to your usual routine? If so please briefly describe 9 
……………………………………………………………………………………………………………………………………………………………………. 10 
 11 
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C8. Example training session – familiarization phase 1 
2 
Day 1 Day 2 Day 3
Name: Name:
ID: ID:
Group: N/A Group: N/A
1RM: Load 1RM:
Working Load: Leg Press Working Load:
Week #: 1 3 x 12-15RM Reps on final set Week #: 1
Training Experience: years/months Load
Split Squat
3 x 12-15RM Reps on final set
Bench Press (70%) 3 x 8 Load Bench Press (70%) 3 x 8
Leg Curl
3 x 12-15RM Reps on final set
Bent-Over Row 3 x 12
Bent-Over Row 3 x 12 Load Front Raises 3 x 12
Front Raises 3 x 12 Calf Raise Arm Hold 3 x 20 second holds
Arm Hold 3 x 20 second holds 3 x 12-15RM Reps on final set DB Skullcrusher 3 x 12
DB Skullcrushers 3 x 12 RDF 3 x 15
RDF 3 x 15 Load Notes:
Notes: Glute Bridge
3 x 10
Curl-up Load
3 x 10
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C9. Example training session – intervention phase for traditional-set group. 1 
 2 
  3 
Day 1 Day 2
Name: Name:
ID: ID:
Group: 4x5 Group: 4x5
1RM: Week #: 5 Load
Working Load: Goblet Squat
Week #: 5 3 x 12-15RM Reps on final set
Load Notes:
Hinge RDL
3 x 12-15RM Reps on final set
Tick each box when repetition is completed
Bench Press (85%) Bulgarian Split Squat Load
Rest 5 minutes at the end of each coloured block 3 x 12-15RM Reps on final set
Underhand Row 3 x 12 Load
Military Press 3 x 12 Calf Raise (LP)
Heavy Hold 3 x 20 seconds 120% 1RM 3 x 12-15RM Reps on final set
Barbell Skullcrushers 3 x 12
Rear Delt Fly on Bench 3 x 15 Load
Notes: Banded Glute Bridge
3 x 10
Feet- Up Curl-up Load
3 x 10
5 5 5 5
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C10. Example training session – intervention phase for cluster-set group. 1 
 2 
  3 
Day 1 Day 2
Name: Name:
ID: ID:
Group: 20x1 Group: 20x1
1RM: Week #: 5 Load
Working Load: Goblet Squat
Week #: 5 3 x 12-15RM Reps on final set
Load Notes:
Hinge RDL
3 x 12-15RM Reps on final set
Tick each box when repetition is completed
Bench Press (85%) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Bulgarian Split Squat Load
Rest 3 minutes at the end of each coloured block, 30 seconds between each square 3 x 12-15RM Reps on final set
Underhand Row 3 x 12 Load
Military Press 3 x 12 Calf Raise (LP)
Heavy hold 3 x 20 seconds 120% 1RM 3 x 12-15RM Reps on final set
BB Skullcrusher 3 x 12
Rear Delt-Fly on bench 3 x 15 Load
Notes: Banded Glute Bridge
3 x 10
Feet- Up Curl-up Load
3 x 10
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C11. Datasheet used to record data during the muscular performance assessments. 1 
 2 
Muscular Performance Testing 3 
Pre-testing Questions: 4 
1.  Your last alcoholic beverage was taken more than 24 hours ago:  5 
Yes _____ No ______ 6 
 7 
2.  Your last bout of strenuous exercise was performed more than 24 hours ago   8 
Yes _____ No ______ 9 
 10 
3.  If you smoke, your last cigarette was taken more than 4 hours ago: 11 
Yes _____ No ______  N/A (non-smoker) _______ 12 
 13 
4.  You last consumed caffeinated food or drink (e.g. coffee, tea, chocolate, energy drink) 14 
more than 4 hours ago: 15 
Yes _____ No ______ 16 
 17 
5. Sleep quality from a scale of 1-10, 1 being the worst sleep you have had and 10 being the 18 
best sleep you have had. 19 
_________ 20 
 21 
 22 
 23 
  24 
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1RM 1 
Protocol: 2 
1. Instruct subject to warm-up with a light resistance that easily allow for 5-10 repetitions (~ 3 
40-60% 1RM. 4 
2. Provide 1 minute rest. 5 
3. Estimate a warm-up load that will allow the subject to complete 3-5 repetitions (~60-80% 6 
1RM). 7 
4. Provide a 3 minute rest period. 8 
5. Estimate a conservative, near-maximum load that will allow the subject to complete 1 9 
repetition at a high rate of speed. 10 
6. Provide a 3 minute rest period. 11 
7. Make a load increase if successful. 12 
8. Instruct subject to attempt a 1RM. If successful, provide a 3 minute rest period and 13 
increase the resistance. 14 
9. If unsuccessful, provide a 3 minute rest period, decrease the load by subtracting 2.5 kg-10 15 
kg. 16 
10. Continue to complete until the subject can complete one repetition with satisfactory 17 
technique. 18 
Notes: 19 
1RM should be achieved in 3-5 trials. Ongoing verbal encouragement is recommended. 20 
 21 
Pre/Post 1 22 
Trial Load (kg) RPE Repetitions 
1    
2    
3    
4    
5    
 23 
1RM: ________________kg 24 
  25 
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Pre/Post 2 1 
Trial Load (kg) RPE Repetitions 
1    
2    
3    
4    
5    
 2 
1RM: ________________kg 3 
  4 
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Muscular Endurance Testing 1 
Protocol: 2 
1. Muscular endurance testing is to be done following 1RM testing so no warm-up is 3 
required. 4 
2. Once 1RM testing has completed, reduce the barbell load to 70% of achieved 1RM. 5 
3. Give 5 minutes rest. 6 
4. Participant then performs as many repetitions as possible while maintaining satisfactory 7 
technique (in the opinion of the assessor). 8 
5. Upon descent, the barbell must make contact with the participant’s trunk then pressed until 9 
both elbows reach terminal extension. 10 
 11 
Pre/Post 1 12 
70% 1RM: _______________kg 13 
 14 
Repetitions: ____________________ 15 
 16 
Pre/Post 2 17 
70% 1RM: _______________kg 18 
 19 
Repetitions: ____________________ 20 
  21 
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Load-Velocity Profile 1 
Pre-testing Questions: 2 
1.  Your last alcoholic beverage was taken more than 24 hours ago:  3 
Yes _____ No ______ 4 
 5 
2.  Your last bout of strenuous exercise was performed more than 24 hours ago   6 
Yes _____ No ______ 7 
 8 
3.  If you smoke, your last cigarette was taken more than 4 hours ago: 9 
Yes _____ No ______  N/A (non-smoker) _______ 10 
 11 
4.  You last consumed caffeinated food or drink (e.g. coffee, tea, chocolate, energy drink) 12 
more than 4 hours ago: 13 
Yes _____ No ______ 14 
 15 
5. Sleep quality from a scale of 1-10, 1 being the worst sleep you have had and 10 being the 16 
best sleep you have had. 17 
_________ 18 
  19 
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Protocol: 1 
1. Set GymAware on the left side of the barbell and have the unit magnetise to the rack. 2 
2. MAKE SURE THE UNIT IS ALWAYS SET TO ZERO WHEN IT IS OFF THE BAR! 3 
3. On the barbell bench press, the participant will do one warm-up set at 20% of the 4 
individuals’ 1RM and perform 5 repetitions as fast as possible. 5 
4. Give 2 minutes rest. 6 
5. Attach the GymAware optical encoder on one side of the barbell. 7 
6. The first trial given is at 45% 1RM, perform one repetition as fast as possible. 8 
7. Give 30 seconds rest and perform another repetition at 45% 1RM as fast as possible. 9 
8. Give 3 minutes rest. 10 
9. Increase the bar load 10% and repeat steps 4-6 up to 95% 1RM. 11 
 12 
Intensity Load 
Velocity (m/s) 
Peak/Average 
Peak power (W) Mean Power (W) 
Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 
45% 
       
55% 
       
65% 
       
75% 
       
85% 
       
95% 
       
 13 
Load at which highest velocity was achieved: _____________________________ 14 
Load at which peak power was achieved: ________________________________ 15 
Load at which highest average power was achieved: _____________________________ 16 
Fastest barbell velocity: ____________________________ 17 
  18 
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Average barbell velocity: 1 
Load Average (m/s) 
45%  
55%  
65%  
75%  
85%  
95%  
 2 
Peak barbell velocity: 3 
Load Average (m/s) 
45%  
55%  
65%  
75%  
85%  
95%  
 4 
Average peak power: 5 
Load Average (W) 
45%  
55%  
65%  
75%  
85%  
95%  
 6 
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Average mean power: 1 
Load Average (W) 
45%  
55%  
65%  
75%  
85%  
95%  
 2 
  3 
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Handgrip Testing 1 
Protocol: 2 
1. Have participant seated in a straight-backed chair with feet flat on the floor. 3 
2. While in this position, participant has the shoulder adducted, the hand being in a neutral 4 
position and the elbow flexed at 90 degrees. 5 
3. Ensure the position of the wrist is at 0-30 degrees of extension and 0-15 degrees of ulnar 6 
deviation. 7 
4. Present dynamometer vertically and in line with the forearm of the participant to maintain 8 
standard forearm and wrist positions.  9 
5. Participant warms up with 1-3 submaximal attempts. 10 
6. Participant then performs three (3) trials squeezing the dynamometer as hard as possible 11 
with 30 seconds rest between trials. 12 
7. All trials will be recorded and the mean of the three trials will be analysed. 13 
 14 
Trial 1:________________ 15 
 16 
Trial 2:________________ 17 
 18 
Trial 3:________________ 19 
 20 
Mean:_________________ 21 
  22 
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C12. Datasheet for the collection of site-specific muscular hypertrophy via ultrasound. 1 
Ultrasound Datasheet 2 
Pectoralis Major 3 
Method 1 (previously reported): at the site between the third and fourth costa of the mid-4 
clavicular line (assessed using vertical panoramic image, marked on vertical panoramic). 5 
 6 
Method 2: Panoramic image from mid-clavicular line (starting at the clavicle, sternal notch to 7 
acromion, marked) until the muscle belly ends vertically. Horizontal: panoramic image from 8 
75% distal from the most superior aspect of the sternal notch to the most inferior aspect of the 9 
xyphoid process. Image is taken perpendicular to the mid-line of the body. 10 
 11 
Method 1 Method 2 
Max AP (cm) 
________________ 
Vertical Horizontal 
Max AP (cm) 
___________________ 
 
 
CSA (cm2) 
___________________ 
Max AP (cm) 
___________________ 
 
 
CSA (cm2) 
___________________ 
 12 
Triceps Brachii and Biceps Brachii 13 
Distance between lateral epicondyle and acromion (cm):________________ 14 
 15 
60% of distance (cm):_______________ 16 
Triceps Brachii Biceps Brachii 
Max AP (cm):__________________________ Max AP (cm):__________________________ 
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 C13. Absolute comparisons in peak velocity between CLUS and TRAD. 1 
2 
* p < 0.05 compared to TRAD. 3 
  4 
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C14. Absolute comparisons in mean velocity between CLUS and TRAD. 1 
2 
* p < 0.05 compared to TRAD.  3 
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Appendix D: Supplementary Material for Chapter 7 1 
D1. Participant Information Statement for the volume manipulated study 
D2. Pre-Screening Form for the volume manipulated study 
D3. Participant Consent Form for the volume manipulated study 
D4. Food and physical activity maintenance questionnaire for the volume manipulated 
study 
D5. Training program template for the volume manipulated study 
D6. RPE scale used throughout the intervention period for the volume manipulated study 
D7. Datasheet for muscular strength and endurance testing for the volume manipulated 
study 
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D1. Participant information statement given to interested participants 1 
 2 
The influence of training volume in resistance exercise 3 
of different set-structures on muscle strength 4 
PARTICIPANT INFORMATION STATEMENT 5 
 6 
(1) What is this study about? 7 
 8 
You are invited to take part in a research study about the comparison between high and low resistance 9 
training volumes as well as how you perform each set on muscular strength, endurance, power and 10 
hypertrophy. The information gathered from this study will enhance our understanding of how to 11 
optimise resistance training for the development of muscular performance and body composition. 12 
 13 
You have been invited to participate in this study because you have greater than 6 months of 14 
resistance training experience. This Participant Information Statement tells you about the research 15 
study. Knowing what is involved will help you decide if you want to take part in the research. Please 16 
read this sheet carefully and ask questions about anything that you do not understand or want to 17 
know more about.  18 
 19 
Participation in this research study is voluntary.  20 
 21 
By giving your consent to take part in this study you are telling us that you: 22 
✓ Understand what you have read. 23 
✓ Agree to take part in the research study as outlined below. 24 
✓ Agree to the use of your personal information as described. 25 
 26 
You will be given a copy of this Participant Information Statement to keep. 27 
 28 
(2) Who is running the study? 29 
 30 
The study is being carried out by the following researchers: 31 
 
 
 
Discipline of Exercise and Sport Science 
Exercise, Health and Performance Research 
Group 
Faculty of Health Science 
   
 ABN 15 211 513 464 
 
  Dr Daniel Hackett  
 LECTURER IN EXERCISE 
PHYSIOLOGY 
Room H106 
C42 Cumberland Campus 
The University of Sydney 
75 East St Lidcombe  
NSW 2141 AUSTRALIA 
Telephone:   +61 2 9351 9294 
Facsimile:    +61 2 9351 9204 
                          Email: daniel.hackett@sydney.edu.au 
                      Web:   http://www.fhs.usyd.edu.au/ 
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• Dr Daniel Hackett, Faculty of Health Sciences, The University of Sydney 1 
• Mr Timothy Davies, Faculty of Health Sciences, The University of Sydney 2 
• Dr Rhonda Orr, Faculty of Health Sciences, The University of Sydney 3 
• Dr Mark Halaki, Faculty of Health Sciences, The University of Sydney 4 
• Dr Tuguy Esgin, Faculty of Health Sciences, The University of Sydney 5 
 6 
Timothy Davies is conducting this study as the basis for the degree of Doctor of Philosophy at The 7 
University of Sydney. This will take place under the supervision of Dr. Daniel Hackett, (Lecturer). 8 
 9 
This study has no conflicts of interest. 10 
 11 
(3) What will the study involve for me? 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
0 1 2 3 4 5 6 7 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
First, you will be screened for your medical history and your eligibility for the study. If approved for the 33 
study, you will be required to perform a series of tests which assess muscular performance and your 34 
muscle mass (outlined in detail below). Once you have completed all testing procedures, you will be 35 
randomised into one of three resistance training groups which differ in volume and how each set is 36 
performed. You will be required to train twice per week on the bench press exercise only. It is 37 
imperative that all external exercise and dietary habits are to be maintained throughout your 38 
participation in the study. Details of each of the training groups are provided below.  39 
 40 
Group 
Allocation 
Sets x 
Repetitions 
Intensity 
(%1RM) 
Rest Between 
Sets 
Rest Between 
Repetitions 
Group 1 3 x 5 85% 1RM 5 min 0 sec 
Group 2 6 x 5 85% 1RM 3 min 30 sec 
 41 
If you are allocated to group 1, you will perform three sets of five repetitions at 85% 1RM with five 42 
minutes of rest in between sets. If you are allocated into group 2, you will perform six sets of five 43 
repetitions at 85% 1RM with 30 seconds of rest in between each individual repetition and 3 minutes of 44 
rest in between sets. 45 
Pre-Testing 
Randomization 
   Intervention period 
Week  
Post-Testing 
1RM 
Testing 
1RM 
Testing 
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 1 
All training will be performed at the School of Exercise and Sports Science (Cumberland Campus, 75 2 
East Street, Lidcombe). Each training session will take approximately 30 minutes and will involve a 3 
thorough warm-up of the body parts that will be trained during the subsequent session. The bench 4 
press is a safe and commonly practiced exercise prescribed by health practitioners and performance 5 
coaches. Delayed onset muscle soreness for the least experienced participants is to be expected. Acute 6 
muscle soreness is also likely given the high-intensity nature of the training prescription and is more 7 
likely to occur in group 3 due to the higher volume accrued.  8 
 9 
If you are interested in participating in this study you will be invited to attend testing sessions at the 10 
Discipline of Exercise and Sports Science, Cumberland Campus. Prior to commencing testing, you will 11 
be required to attend a pre-exercise screening session to check that you are eligible and medically fit 12 
to participate in the study. 13 
 14 
Testing 15 
 16 
During the study you will undergo the following: 17 
 18 
• Muscle strength, endurance and power testing 19 
 20 
Testing will occur prior to commencing the training (week 0), during specific weeks of training (weeks 3 21 
and 5 for muscular strength only) and following the completion of the training program (week 7). 22 
Specific information about the individual tests is provided below:  23 
 24 
Pre-training testing will involve two visits to the University of Sydney, Cumberland Campus. Visit one 25 
will encompass muscular strength and endurance testing and visit two will involve testing of your load-26 
velocity profile. 27 
 28 
Muscular Strength Test  29 
The one-repetition maximum (1RM) will be used to determine your maximal muscle strength. It is 30 
defined as the maximal amount of weight you can lift with a full range of motion in good form. 31 
Following a thorough warm-up, you will perform one repetition at progressively heavier loads. Once a 32 
successful attempt has been made, you will be given three minutes of rest and the barbell load will 33 
increase by a minimum of 2.5 kg. The last successful lift is defined as the 1RM. Muscular Strength will 34 
be tested on the barbell bench press under direct supervision by a skilled assessor. 35 
 36 
Muscular Power 37 
The medicine ball chest throw is a common test of upper body muscular power using a fixed load of 3 38 
kg. You will be instructed to perform three trials (with a 30 second rest between trials) pushing as hard 39 
as you can to throw the ball as far as possible. You will be asked to be seated on an upright bench and 40 
to throw the ball whilst your back, hips and head contact the bench. Muscular power will be assessed 41 
under direct supervision by a skilled assessor. 42 
 43 
Muscle Thickness 44 
Ultrasound will be used to measure skeletal muscle thickness. These measurements will be performed 45 
at the front and rear surfaces of your upper arm. All measurements will be undertaken by an 46 
experienced assessor. The assessor will apply gel on the skin over each side that has been identified 47 
and use a small probe to scan the muscle.  48 
 49 
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 1 
Muscular Endurance Tests  2 
Muscular endurance is a test of muscle fatigue. You will be instructed to perform as many consecutive 3 
repetitions as possible of your training intensity (85% 1RM) through your full range of motion using 4 
good form. Muscular endurance will be tested on the barbell bench press with direct supervision by a 5 
skilled assessor. 6 
 7 
Time Commitment 8 
 9 
Test When? 
Approximate time 
required per session 
Total Visits 
Muscular Strength and 
Power 
Pre-training (Week 0) and 
Week 7 (post-training). 
1 hour 2 
Muscular Thickness 
and Muscular 
Endurance 
Pre-training (Week 0) and 
Week 7 (post-training). 
1 hour 2 
Training (6 weeks) Twice per week 30 mins 12 
 Total Visits 16 
 10 
 11 
Risks 12 
Some musculoskeletal soreness is likely to occur in the days following the testing sessions; however 13 
there is a small risk of musculoskeletal injuries. The risk of injury will be minimised by testing being 14 
closely supervised by a trained and experienced exercise specialist.  15 
 16 
Adverse Effects 17 
During each test procedure, and at regular intervals throughout the exercise training program, we will 18 
ask you to inform us of any side effects that you may experience. It is important that you contact the 19 
study staff immediately if there are any unusual health experiences, injury or bad effects. This 20 
notification should take place whether you believe that the problem is related to the exercise program 21 
or from some other cause. In the event of any adverse effect you will be able to contact the principal 22 
investigator Dr Daniel Hackett at the School of Exercise and Sport Science, The University of Sydney on 23 
9351-9294. 24 
 25 
(4) How much of my time will the study take? 26 
 27 
You will need to attend the School of Exercise and Sports Science (Cumberland Campus, The University 28 
of Sydney) for a total of 4 hours (4 x 1 hour) for testing and 6 hours (1 session = 30 mins, 12 sessions = 29 
6 hours) for training. 30 
 31 
(5) Who can take part in the study? 32 
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 1 
We are looking for males and females, aged between 18-39 years with a minimum of 6 months of 2 
resistance training experience. You will be excluded if you are currently or have used (in the last 12 3 
months) any performance enhancing substance (such as anabolic steroids) or have a medical condition 4 
that would preclude you from intense exercise (determined from pre-exercise screening). 5 
 6 
(6) Do I have to be in the study? Can I withdraw from the study once I've started? 7 
 8 
Being in this study is completely voluntary and you do not have to take part. Your decision whether to 9 
participate will not affect your current or future relationship with the researchers or anyone else from 10 
the University of Sydney.  11 
 12 
If you decide to take part in the study and then change your mind later, you are free to withdraw at 13 
any time. You can do this by contacting an investigator to request a withdrawal. You may also be 14 
removed from the study if we find your participation to be unhealthy for you. 15 
 16 
If you decide to withdraw from the study, we will not collect any more information from you. Any 17 
information that we have already collected, however, will be kept in our study records and may be 18 
included in the study results. If you choose to withdraw from the study, you can request your data to 19 
be removed from our study records which will also be excluded in the study results. 20 
 21 
(7) Are there any risks or costs associated with being in the study? 22 
 23 
Some musculoskeletal soreness is likely to occur in the days following the testing sessions, however, 24 
there is a small risk of musculoskeletal injuries. The risk of injury will be minimised by testing being 25 
closely supervised by a trained and experienced exercise specialist. There can be costs associated with 26 
travelling to and from Cumberland Campus, The University of Sydney. 27 
 28 
(8) Are there any benefits associated with being in the study? 29 
 30 
We cannot guarantee that you will receive any direct benefits from being in the study. 31 
 32 
(9) What will happen to information about me that is collected during the study? 33 
 34 
During the study, we will collect mostly numerical information (such as the amount of weight lifted, 35 
how many repetitions performed etc.) along with baseline information such as anthropometry (i.e. 36 
height and body weight). There may be video recording and images taken during training sessions and 37 
these will be used for conference presentations and publications if required. All information will be 38 
kept strictly confidential. You may access any personal information of yours from the study by 39 
contacting the chief investigator (Dr. Daniel Hackett) at daniel.hackett@sydney.edu.au. 40 
 41 
By providing your consent, you are agreeing to us collecting personal information about you for the 42 
purposes of this research study. Your information will only be used for the purposes outlined in this 43 
Participant Information Statement, unless you consent otherwise. 44 
 45 
Your information will be stored securely and your identity/information will be kept strictly confidential, 46 
except as required by law. Study findings may be published, but you will not be individually identifiable 47 
in these publications. 48 
 49 
(10) Can I tell other people about the study? 50 
 51 
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Yes, you are welcome to tell other people about the study. 1 
 2 
(11) What if I would like further information about the study? 3 
 4 
When you have read this information, Timothy Davies will be available to discuss it with you further 5 
and answer any questions you may have, he can be contacted at Timothy.Davies@sydney.edu.au. You 6 
are also free to contact the chief investigator Dr. Daniel Hackett (Lecturer; 7 
daniel.hackett@sydney.edu.au; +61 2 9351 9294) should you have any further questions. 8 
 9 
(12) Will I be told the results of the study? 10 
 11 
You have a right to receive feedback about the overall results of this study. You can tell us that you 12 
wish to receive feedback by ticking the appropriate box on the consent form. This feedback will be in 13 
the form of a one-page lay summary. Brief oral explanations of data interpretation will be given to 14 
participants if requested. You will receive this feedback once the study has concluded. 15 
 16 
(13) What if I have a complaint or any concerns about the study? 17 
 18 
Research involving humans in Australia is reviewed by an independent group of people called a Human 19 
Research Ethics Committee (HREC). The ethical aspects of this study have been approved by the HREC 20 
of the University of Sydney (HREC Approval Number: 2018/804). As part of this process, we have 21 
agreed to carry out the study according to the National Statement on Ethical Conduct in Human 22 
Research (2007). This statement has been developed to protect people who agree to take part in 23 
research studies. 24 
 25 
If you are concerned about the way this study is being conducted or you wish to make a complaint to 26 
someone independent from the study, please contact the university using the details outlined below. 27 
Please quote the study title and protocol number.  28 
 29 
The Manager, Ethics Administration, University of Sydney: 30 
• Telephone: +61 2 8627 8176 31 
• Email: ro.humanethics@sydney.edu.au 32 
• Fax: +61 2 8627 8177 (Facsimile) 33 
 34 
 35 
 36 
 37 
 38 
 39 
This information sheet is for you to keep 40 
  41 
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D2. Pre-screening form to assess potential participants’ health status 1 
 2 
Faculty of Health Sciences 3 
Discipline of Exercise and Sport Science, 4 
East Street (P.O. Box 170), Lidcombe, NSW, Australia 1825 5 
Tel:  61-2-9351-9142 or 9351-9612 6 
Fax:  61-2-9351-9204 7 
Medical History           8 
Have you ever been diagnosed with any of the following: 9 
Any heart 
complaint    
 Anaemia     Deep Vein Thrombosis  Infectious Disease  Eating Disorder  
Osteoporosis  Diabetes (Type I)  Diabetes (Type II)  Pulmonary Disease  Emotional 
Disorder 
 
Cancer  Stroke  Other  If yes, please provide details: 
                                                                                                                                                                                                           No to all above  
Signs and Symptoms 10 
Do you ever experience any of the following: 11 
 Yes No  Yes No 
Pain or discomfort in the chest, neck, jaw, arms, or 
other areas that may be due to myocardial ischemia 
(lack of adequate circulation)  
  Shortness of breath at rest, during daily activities, or 
with mild exertion 
  
Dizziness or syncope (fainting)   Ankle oedema (swelling)    
Orthopnea (breathing discomfort when not in an 
upright position) or paroxysmal nocturnal dyspnea 
(interrupted breathing at night) 
  Intermittent claudication (cramping pain and 
weakness in legs, especially calves, during walking 
due to inadequate blood supply to muscles)  
  
Palpitations (abnormal rapid beating of the heart) or 
tachycardia (rapid heartbeat) 
  Known heart murmur   
Unusual or unexplained fatigue   Known cardiovascular, pulmonary or metabolic 
disease 
  
 If yes, please provide details: 
Coronary Artery Disease Risk Factor Thresholds 12 
Do you ever experience any of the following: 13 
 Yes No  Yes No 
Have a member of your immediate family 
(father/brother < 55 yrs; mother/sister < 65 yrs) 
been diagnosed with heart disease? 
  Are you a current cigarette smoker or have quit 
within the last 6 months? 
  
Have you been told that you have high blood 
pressure (SBP ≥ 140 mmHg or DBP ≥ 90 mmHg 
noted on 2 separate occasions) or are you being 
treated with antihypertensive medication? 
  Have you been told that you have high total blood 
cholesterol (≥ 5.2 mmol/L) or high low-density 
lipoprotein (LDL) cholesterol (≥ 3.4 mmol/L) or that 
your high density lipoprotein (HDL) cholesterol is 
low (< 1.03 mmol/L)?  
  
Have you been told that you have impaired fasting 
glucose (plasma glucose > 6.1 mmol/L noted on 2 
separate occasions) or type 2 diabetes? 
  Do you have a body mass index (BMI) greater than 
or equal to 30 kg/m2 or a waist circumference 
greater than 102 cm (men) or 88cm (women) 
  
 14 
Risk Stratification  
Name:…………………………………. 
ID:……………………………………….. 
Date:……………………………………. 
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D3. Participant Consent Form given to participants prior to participation in the study. 1 
 
 Discipline of Exercise and Sport 
Science 
Exercise, Health and Performance 
Research Group 
Faculty of Health Science 
  
  ABN 15 211 513 464 
 
  Dr Daniel Hackett  
 LECTURER IN EXERCISE PHYSIOLOGY 
Room H106 
C42 Cumberland Campus 
The University of Sydney 
75 East St Lidcombe  
NSW 2141 AUSTRALIA 
Telephone:   +61 2 9351 9294 
Facsimile:    +61 2 9351 920  
  Email:   daniel.hackett@sydney.edu.au 
         Web:   http://www.fhs.usyd.edu.au 
 2 
The influence of training volume in resistance exercise of different set-structures on muscle 3 
strength 4 
 5 
PARTICIPANT CONSENT FORM 6 
 7 
 8 
I, ................................................................................... [PRINT NAME], agree to take part in this research 9 
study. 10 
 11 
In giving my consent I state that: 12 
 13 
✓ I understand the purpose of the study, what I will be asked to do, and any risks/benefits involved.  14 
 15 
✓ I have read the Participant Information Statement and have been able to discuss my involvement 16 
in the study with the researchers if I wished to do so.  17 
 18 
✓ The researchers have answered any questions that I had about the study and I am happy with the 19 
answers. 20 
 21 
✓ I understand that being in this study is completely voluntary and I do not have to take part. My 22 
decision whether to be in the study will not affect my relationship with the researchers or anyone 23 
else at the University of Sydney now or in the future. 24 
 25 
✓ I understand that I can withdraw from the study at any time. 26 
 27 
✓ I understand that personal information about me that is collected over the course of this project 28 
will be stored securely and will only be used for purposes that I have agreed to. I understand that 29 
information about me will only be told to others with my permission, except as required by law. 30 
 31 
✓ I understand that the results of this study may be published, and that publications will not contain 32 
my name or any identifiable information about me. 33 
 34 
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I consent to:  1 
• 1RM Strength and Power Testing  YES  NO  2 
 3 
• Muscular Endurance Testing  YES  NO  4 
 5 
• 6-week Resistance Training Program  YES  NO  6 
 7 
• Being contacted about future studies  YES  NO  8 
 9 
• Receiving feedback about my personal results  YES  NO   10 
 11 
 12 
Would you like to receive feedback about the overall results of this study?  13 
    YES  NO  14 
If you answered YES, please indicate your preferred form of feedback and address: 15 
 16 
 Postal:  _______________________________________________________ 17 
 18 
___________________________________________________ 19 
 20 
 Email: ___________________________________________________ 21 
 22 
 23 
 24 
................................................................... 25 
Signature  26 
 27 
 28 
 29 
............... .................................................... 30 
PRINT name 31 
 32 
 33 
.................................................................................. 34 
Date 35 
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Pre-Session Questionnaire 1 
Rate each feeling from 1 – 5 with 1 representing bad or negative feelings and 5 being good or 2 
positive feelings. Administer every session. 3 
 Fatigue Sleep Quality Soreness Stress Mood Score 
Week 1      
 
Session 1      
 
Session 2      
 
Week 2      
 
Session 1      
 
Session 2      
 
Week 3      
 
Session 1      
 
Session 2      
 
Week 4      
 
Session 1      
 
Session 2      
 
Week 5      
 
Session 1      
 
Session 2      
 
Week 6      
 
Session 1      
 
Session 2      
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D4. Food and physical activity maintenance questionnaire given to each participant prior to each 1 
training session. 2 
Physical Activity and Diet Compliance Checklist3 
 Diet Physical Activity 
Changes? If yes, explain change Changes? If yes, explain change 
Week 1     
Session 1     
Session 2     
Week 2     
Session 1     
Session 2     
Week 3     
Session 1     
Session 2     
Week 4     
Session 1     
Session 2     
Week 5     
Session 1     
Session 2     
Week 6     
Session 1     
Session 2     
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 D5. Template of the training program used during the study. 1 
 2 
Group Name: 
Load 
Sets (record repetitions each set), record RPE after each set, record ERF after each set. 
1 RPE ERF 2 RPE ERF 3 RPE ERF 4 RPE ERF 5 RPE ERF 6 RPE ERF 
Week 1                    
Session 1                    
Session 2                    
Week 2                    
Session 1                    
Session 2                    
Week 3 (1RM 
Testing) 
  
  
 
  
 
  
 
  
 
    
 
Session 1                    
Session 2                    
Week 4                    
Session 1                    
Session 2                    
Week 5 (1RM 
Testing) 
  
  
 
  
 
  
 
  
 
    
 
Session 1                    
Session 2                    
Week 6                    
Session 1                    
Session 2                    
 3 
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D6.  RPE scale used for each training session in the study to measure exertion 1 
 2 
3 
RPE SCALE 
 
Rating Descriptor 
0 Rest 
1 Very, Very Easy 
2 Easy 
3 Moderate 
4 Somewhat Hard 
5 Hard 
6 - 
7 Very Hard 
8 - 
9 - 
10 Maximal 
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D7. Datasheet for muscular strength and endurance testing. 1 
 2 
Datasheet 3 
Name:  4 
 5 
Tutorial Group:  6 
 7 
Height:  8 
 9 
Weight:  10 
 11 
Pre 12 
 Session 1 Session 2 
1RM (kg)   
ERF (Endurance)   
Reps @ 85% 1RM   
  13 
Post 14 
 Session 1 Session 2 
1RM (kg)   
ERF (Endurance)   
Reps @ 85% 1RM   
 15 
